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Variants in the C-X-C motif chemokine receptor 4 gene (CXCR4) are associated with a rare autosomal-
dominant combined immunodeficiency, WHIM (warts, hypogammaglobulinemia, infections, and myelo-
kathexis) syndrome.1,2 The CXCR4/C-X-C motif chemokine ligand 12 (CXCL12) axis is a master regu-
lator of immune cell bone marrow homing and egress3-5 and B-cell development.6 Previously known
pathogenic nonsense, frameshift, and missense variants identified in individuals with WHIM syndrome
(CXCR4WHIM) have been localized to the intracellular C-terminal region of CXCR4, a G protein–coupled
receptor.2 We describe 4 unrelated patients, designated P1 to P4, with variable clinical presentations
including leukopenia, hypercellular bone marrow, recurrent infections, hypogammaglobulinemia, and
susceptibility to human papillomavirus, harboring a novel heterozygous CXCR4 variant (c.250G>C;
p.D84H), designated as CXCR4D84H, in the second transmembrane domain of the receptor. We per-
formed comprehensive ex vivo and in vitro functional characterization of cells harboring CXCR4D84H in
parallel with in silico molecular modeling to determine pathogenicity of the newly discovered variant. See
supplemental Methods for detailed methods, including supplemental Table 1A-B.

The studies were approved by institutional review board (IRB) of the respective institutions, including
institutional review of Duke University (IRB number Pro00066839), Belarusian Research Center for
Pediatric Oncology (IRB number 200809-RD), and University Medical Center Freiburg (IRB number
354/19).

Table 1 and supplemental Table 2A summarize the clinical and laboratory characteristics and immu-
nophenotyping data for P1 to P4.

P1 is a female aged 40 years with plantar warts since childhood, recurrent vulvovaginal and anal
dysplasia, and carcinoma in situ for 20 years. Cytopenia, including neutropenia, were first documented
at age 15 years. She had Epstein-Barr virus in childhood from which she recovered and was
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Table 1. Summary of patient phenotypes including main clinical manifestations and laboratory features in 4 patients harboring missense

variant CXCR4
D84H

P1 P2* P3 P4 Reference ranges

Characteristics

CXCR4 variant c.250G>C (p.D84H)
heterozygous

c.250G>C (p.D84H)
heterozygous

c.250G>C (p.D84H)
heterozygous

c.250G>C (p.D84H)
heterozygous

Sex at birth Female Male Male Female

Age, y 40 13 3, died 67

Hemogram, ×109/L† 1-6 y 12-18 y 18+ y

WBC 2.2-3.9 0.68-6.03 13.3 8.08 5.0-17.0 4.5-13.0 3.2-9.8

Neutrophils 0.6-1.2 0.16-2.79 8.9 4.93 1.0-8.5 1.5-8.0 1.56-6.45

Lymphocytes 1.5-2.1 0.43-2.55 2.9 2.49 1.5-9.5 1.1-4.5 0.95-3.07

Monocytes 0-0.1 0.07-0.52 1.07 0.5 0.2-1.0 0.2-1.0 0.24-0.86

Platelets 144-166 53-268 54 298 150-400 150-400 150-450

Serum immunoglobulin, mg/dL‡ 2 to <4 y 10 to <13 y 18+ y

IgG 1060 650 858-982 403 295-1156 503-1719 767-1590

IgG1 § § § 200 158-721 280-1030 341-894

IgG2 § § § 156 39-176 66-502 171-632

IgG3 § § § 37 17-84.7 11.5-105.3 18.4-106

IgG4 § § § 5.2 0.4-49.1 1.0-121.9 2.4-121.0

IgM 109 54 67-81 81 27-246 42-295 61-356

IgA 94 162 61-98 98 37-184 41-255 37-278

Tetanus antibody titer,
IU/mL

5.22 § § 1.41 >0.16 >0.16

Pneumococcal antibody
titers, μg/mL

21/23 serotypes >1.3 § § § >1.3 >1.3

Clinical presentation

Bone marrow Hypocellular (20%-30%) with
mild granulocytic
hypoplasia, hypolobulated
megakaryocytes, bilobed
neutrophils, and granulocyte
precursors

Increased cellularity, 64% of
cells are represented by
neutrophils of varying
degrees of maturity

ITP; punctate is rich; there are
many megakaryocytes, but
no functioning

§

Warts Hands, feet, and anogenital (−) (−) (−)

Infections EBV, HPV, and H1N1
pneumonia

HSV, parvovirus, SARS-CoV-
2, pneumonia (Bacillus
cereus, Pseudomonas
species), and diarrhea
(Candida)

Seroconverted for CMV and
EBV, HSV

URTI

Malignancy Anal intraepithelial neoplasia
grade 3, cervical carcinoma
in situ, high-grade vulval
intraepithelial neoplasia, and
anal dysplasia

(−) (−) (−)

Other Autoimmune thyroiditis

Prior treatments

Immunoglobulin
therapy

(−) (+) (+) (+)

G-CSF (−) (−) (−) (−)

Antibiotics Rare (+) (+) (+); prophylaxis

Other Cidofovir for AIN3

Family history Family members decline
genetic testing. No clinically
affected family members

Mother harbors D84H; healthy Not known (−)

Values not within the normal range are shown in bold font.
AIN3, anal intraepithelial neoplasia grade 3; CMV, cytomegalovirus; EBV, Epstein-Barr virus; G-CSF, granulocyte colony-stimulating factor; H1N1, influenza A virus subtype H1N1; HPV,

human papillomavirus; HSV, herpes simplex virus; ITP, immune thrombocytopenia; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; URTI, upper respiratory tract infection; WBC,
white blood cell.
*The range for P2 is based on 2 different time points: 2020 and 2021.
†Hemogram reference ranges for <18 years and >18 years of age are based on cutoffs provided by North Bristol National Health Service and Cleveland Clinic, respectively.
‡Serum immunoglobulin references ranges are based on cutoffs provided by Mayo Clinic Laboratories.
§No data.
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hospitalized briefly for influenza-related pneumonia. P1 has normal
immunoglobulin levels. Peripheral blood smear (supplemental
Figure 1A) showed hypolobated neutrophils, not typical of
myelokathexis.

P2 is a male aged 12 years with trilineage leukopenia, transient
thrombocytopenia, recurrent infections, and autoimmune thyroiditis
but no warts or hypogammaglobulinemia. His bone marrow biopsy
showed abnormal neutrophil retention without classic myelokathexis
neutrophil morphology (supplemental Figure 1B). P2’s mother
shares the genetic variation but is healthy (supplemental Table 2B).

Limited information is known about P3, a male who died at age 3
years from infectious complications leading to multiple organ fail-
ures. He had recurrent infections and was suspected to have
immune thrombocytopenic purpura. He did not have peripheral
blood leukopenia, although peripheral blood sampling may have
occurred during active infection. Family history of P3 and P4 are
unknown.

P4 is a female aged 67 years with hypogammaglobulinemia.
Immunoglobulin G (IgG) level was 403 mg/dL, and IgG1 subclass
was 200 mg/dL; other immunoglobulins were normal. She had
upper respiratory tract infections that ceased after IgG replace-
ment therapy initiation and rosacea treated with doxycycline. She
does not have cytopenia or human papillomavirus.

The probands are nonrelated from nonconsanguineous unions and
were identified from 3 separate countries. All are heterozygous for
CXCR4 (c.250G>C), resulting in a single amino acid substitution,
D84H. The missense variant is in a highly evolutionarily conserved
region in the second transmembrane helix of the receptor
(supplemental Figure 1C-D). ClinVar (VCV000808804.12) classi-
fied D84H as a variant of uncertain significance. In silico algorithms
characterize D84H as deleterious (SIFT score, 0; CADD score,
26.8), probably damaging (PolyPhen2 score, 1) and likely disease
causing (REVEL score, 0.951).

Impaired CXCR4 receptor internalization, amplified signaling
responsiveness, and enhanced migration are hallmarks of immune
cells expressing CXCR4WHIM receptors.7-10 CXCL12-induced
CXCR4 internalization was impaired in peripheral blood mono-
nuclear cells (PBMCs) from P1, P2, and P4 compared with healthy
donors (HDs; Figure 1A; supplemental Figure 2A-B). The findings
prompted comparative studies of CXCR4D84H with CXCR4R334X,
the most common and best-studied CXCR4WHIM variant,2 and
CXCR4E343K, the only known pathogenic missense variant.8 The
CXCR4-negative K562 cell line9 was transfected to express
aforementioned CXCR4 variants for quantitative comparison of
variant receptor function (supplemental Figure 2C). CXCR4D84H

showed impaired CXCL12-induced receptor internalization
(Figure 1B; supplemental Figure 2D) similar to CXCR4E343K. P1
and P2 lymphocyte subpopulations showed enhanced chemotaxis
to CXCL12 relative to HDs across tested concentrations
(Figure 1C; supplemental Figure 2E), similar to transfected K562
cells expressing CXCR4D84H and other CXCR4WHIM variants
compared with K562-CXCR4WT (Figure 1D). CXCR4R334X and
CXCR4E343K showed significant increase in pAKT and pERK levels
after CXCL12 stimulation compared with CXCR4WT, confirming
previous findings9,10; however, no enhancement was observed in
pAKT or pERK levels in P1 lymphocytes or K562-CXCRD84H

(supplemental Figure 2F-I). Ca2+ mobilization was impaired in P1
3756 RESEARCH LETTER
PBMCs after CXCL12 stimulation compared with HDs (Figure 1E).
This phenotype was confirmed in K562-CXCR4D84H, in which the
maximum efficacy of CXCL12 to mobilize calcium decreased to
46%. In contrast, K562-CXCR4R334X and K562-CXCRE343K

showed ~1.2-fold increased Ca2+ mobilization compared with
K562-CXCR4WT (Figure 1F). Similar results were obtained when
cyclic adenosine monophosphate (cAMP) inhibition was measured
in K562-CXCR4D84H compared with K562-CXCR4R334X and
K562-CXCR4E343K (Figure 1G). In summary, signaling responses
of CXCR4D84H are distinct from other CXCR4WHIM variants.

D84 is a critical, conserved residue of the sodium ion binding
pocket, essential for signaling of class A G protein–coupled
receptors.11,12 Though crystal structures of CXCR4 show no
Na+ ion in this location,13,14 site-directed mutagenesis and
molecular dynamics studies support its presence.15-17 We per-
formed molecular dynamics simulations analyzing the D84H variant
structure, given the change in amino acid charge from negative D
to neutral H. Simulations suggested a collapse of the Na+ ion
binding pocket, destabilized inactive state, and potential constitu-
tive activity (CA) of a more thermodynamically preferred active-form
CXCR4D84H configuration (supplemental Figures 3A-C and 4). To
test this hypothesis, CXCR4D84H activity was analyzed under basal
conditions. In K562-CXCR4WT, CXCL12 addition led to inhibition
of forskolin-stimulated cAMP production, typical for Gαi-coupled
receptors (supplemental Figure 3D). In K562-CXCR4D84H, cAMP
production was already suppressed in absence of CXCL12,
indicative of constitutive Gαi activation. In line with CXCR4D84H

effects, other previously known CA CXCR4 variants exhibited
enhanced chemotactic CXCL12 response.18 Due to the already
high receptor basal activity, CA CXCR4 cannot be further stimu-
lated with CXCL12 and show decreased responses in ligand-
induced calcium mobilization.17 These observations explained the
decreased signaling observed with CXCR4D84H in calcium mobi-
lization and cAMP assays.

CXCR4D84H represents a novel disease-causing variant with
distinct functional properties that could mechanistically explain the
phenotypic differences of P1 to P4 compared with previously
described C-terminal variants. Patients with WHIM syndrome
display variable phenotypes and incomplete penetrance of the
classic tetrad,2,19 and the CXCR4D84H patients described have
milder infections, cytopenia, and hypogammaglobulinemia. Further,
3 of 4 patients had thrombocytopenia, and 2 of 4 displayed low
natural killer cell counts, less typical for WHIM syndrome.

Mavorixafor, a small-molecule CXCR4 antagonist,20,21 inhibited
CXCL12 binding with comparable potency (IC50, 3.9-5.6 nM)
across K562-CXCR4D84H, K562-CXCR4R334X, K562-
CXCR4E343K, and K562-CXCR4WT (supplemental Figure 5A).
Mavorixafor abrogated enhanced CXCL12-induced chemotaxis in
patient-derived lymphocytes (supplemental Figure 5B-E). P1 was
enrolled in a phase 1b/2 open-label trial evaluating safety, tolera-
bility, and early efficacy of mavorixafor (400 mg once daily) across
chronic neutropenic disorders (NCT04154488).22 Hematologic
parameter monitoring showed increased white blood cell count,
absolute neutrophil count, and absolute lymphocyte count on day 1
of mavorixafor treatment (maximum fold change of 2.55, 2.52, and
2.64 respectively; X4, unpublished data, 20 September 2022;
Figure 1H). Thus, we propose that mavorixafor may be considered
a potential leukopenia treatment in CXCR4D84H patients.
23 JULY 2024 • VOLUME 8, NUMBER 14
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Figure 1. Impact of CXCR4
D84H

on receptor function and effects of mavorixafor treatment in P1. (A) PBMCs isolated from HDs (HD-SC and HD-IH) and P1 were

stimulated with CXCL12 (vehicle, 1 nM, 10 nM, and 100 nM) for 45 minutes. CXCR4 receptor internalization was assessed by surface expression of CXCR4 by flow cytometry.

Values are expressed as percent of remaining CXCR4 expression compared with vehicle-treated cells. PBMCs were subtyped using fluorescent mAbs specific for CD3 (T cells),

CD19 (B cell), and CD3 and CD56 (NKT cells). Statistical analysis was not performed owing to low sample numbers. Mean ± standard deviation (SD) of 2 to 4 from 2 biological

replicates. (B) K562 cells were transiently transfected with indicated CXCR4 constructs and stimulated with CXCL12 (vehicle, 1 nM, 10 nM, and 100 nM) for 45 minutes. CXCR4

receptor internalization was assessed by surface expression of CXCR4 via flow cytometry. Statistical significance determined by Mann-Whitney tests comparing variants with the

WT at each respective concentration of ligand. Values are expressed as percent of remaining CXCR4 compared with vehicle-treated cells. Values represent mean ± standard

error of mean (SEM) of 3 to 17. *P < .05; **P < .01; ***P < .001. (C) Transwell chemotaxis assay: PBMCs isolated from HDs (HD-SC and HD-IH) and P1 migrated toward 2, 10,

and 50 nM CXCL12 or medium only for 2.5 hours. The total number of migrated cells was normalized to the HD-SC with 10 nM CXCL12 in each cell type. PBMCs were subtyped
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Figure 1 (continued) using fluorescent mAbs specific for CD3 (T cells), CD19 (B cell), and CD3 and CD56 (NKT cells). Statistical analysis in PBMCs was not performed owing

to low sample numbers. Mean ± SD of 2. (D) Transwell chemotaxis assay: K562 cells transiently transfected with indicated CXCR4 constructs migrated toward 0.4, 2, and 10 nM

CXCL12 or medium only for 4 hours. The total number of migrated cells was normalized to WT with 2 nM CXCL12 in each assay. Statistical significance was determined by

Mann-Whitney tests (0.4 nM and 10 nM) and 1-sample Wilcoxon signed-rank test (2 nM) comparing variants with the WT at each respective concentration of ligand. Mean ± SEM

of 5 to 20. *P < .05; **P < .01; ***P < .001. (E) PBMCs isolated from HDs (HD-SC and HD-IH) and P1 were stimulated with vehicle, 100 nM or 1 mM CXCL12 to measure Ca2+

mobilization. Statistical analysis was not performed owing to low sample numbers; n = 2 technical replicates; the experiment is representative of 2 independent experiments. (F)

K562 cells with stable CXCR4 expression were stimulated with serial dilutions of CXCL12 to measure Ca2+ mobilization. Relative fluorescence units measured in WT-expressing

cell line at 1 mM CXCL12 represented 100%. Mean ± SEM of 11 to 12. (G) K562 cells with stable CXCR4 expression were stimulated with forskolin ± 100 nM CXCL12 for

30 minutes. cAMP production was measured by enzyme-linked immunosorbent assay. Percent of inhibition of cAMP production by CXCL12 was calculated respective to

forskolin-only treated cells. Statistical significance was determined by Mann-Whitney tests comparing variants with the WT. Values represent mean ± SEM of 9 to 12. *P < .05;

**P < .01; ***P < .001. (H) Time course of WBC counts, ANC, and ALC for P1 before receiving oral mavorixafor (day –1) and on the first day of mavorixafor treatment (day 1).

ALC, absolute lymphocyte count; AMC, absolute monocyte count; ANC, absolute neutrophil count; CD, cluster of differentiation; HD-IH, healthy donor in-house; HD-SC, healthy

donor shipping control; mAb, monoclonal antibody; NK, natural killer; NKT, natural killer T; ns, not significant; WBC, white blood cell; WT, wild type.
The average CXCR4 (c.250G>C) allele frequency suggests 7.5
per 100 000 individuals may harbor CXCR4D84H (supplemental
Table 3). The relatively high allele frequency, P4’s later symptom
onset age, and P2’s healthy mother harboring CXCR4D84H sug-
gest incomplete penetrance and/or variable expressivity of the
CXCR4D84H phenotype.

Our observations from CXCR4D84H patients and results of the
functional characterization of PBMCs and cells expressing the
D84H variant highlight several novel findings, expanding the cur-
rent understanding of genotype-phenotype correlations within the
CXCR4 landscape.
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