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without recipient conditioning.

Introduction

WHIM (warts, hypogammaglobulinemia, infections, and myelo-
kathexis) syndrome is a rare combined primary immunodeficiency
disease caused by gain-of-function autosomal dominant muta-
tions in CXCR4, a G protein-coupled receptor for the chemokine
CXCL12 (1, 2). Among other functions, CXCR4 normally promotes
BM homing and retention of neutrophils and hematopoietic stem
cells (HSCs) , as well as HSC quiescence (3-6). The WHIM mutation
increases BM retention of neutrophils, causing neutropenia, ahema-
tologic picture referred to as myelokathexis (7-9). G-CSF, which is
commonly used to treat neutropenia in patients with WHIM, selec-
tively increases the neutrophil count in part by inducing degradation
of CXCL12, thereby reducing CXCR4 signaling (2, 10).

Discovery of CXCR#4 as the disease gene in WHIM syndrome
has provided a precise target for development of novel therapeutic
strategies. Regarding drug development, 2 specific CXCR4 antag-
onists, plerixafor (Mozobil, Sanofi, AMD3100) and X4P-001
(AMD11070), are currently in clinical trials (11-13). With regard
to cure, several patients have been cured by allogeneic BM trans-
plantation (14, 15), and one patient has been cured by spontane-
ous deletion of the WHIM allele in a single HSC by chromothripsis
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For gene therapy of gain-of-function autosomal dominant diseases, either correcting or deleting the disease allele

is potentially curative. To test whether there may be an advantage of one approach over the other for WHIM (warts,
hypogammaglobulinemia, infections, and myelokathexis) syndrome — a primary immunodeficiency disorder caused by
gain-of-function autosomal dominant mutations in chemokine receptor CXCR4 — we performed competitive transplantation
experiments using both lethally irradiated WT (Cxcr4*/*) and unconditioned WHIM (Cxcr4*/*) recipient mice. In both models,
hematopoietic reconstitution was markedly superior using BM cells from donors hemizygous for Cxcr4 (Cxcr4*/°) compared
with BM cells from Cxcr4*/* donors. Remarkably, only approximately 6% Cxcr4*/° hematopoietic stem cell (HSC) chimerism
after transplantation in unconditioned Cxcr4*/* recipient BM supported more than 70% long-term donor myeloid chimerism
in blood and corrected myeloid cell deficiency in blood. Donor Cxcr4*/° HSCs differentiated normally and did not undergo
exhaustion as late as 465 days after transplantation. Thus, disease allele deletion resulting in Cxcr4 haploinsufficiency was
superior to disease allele repair in a mouse model of gene therapy for WHIM syndrome, allowing correction of leukopenia

(chromosome shattering). Remarkably, the chromothriptic HSC
in this patient acquired a selective growth advantage leading to
approximately 100% chimerism with CXCR4-haploinsufficient
(CXCR4**) myeloid cells (16). The genetic mechanism respon-
sible for myeloid repopulation remains undefined, in large part
because 163 other genes were also deleted by the chromothriptic
event. Nevertheless, a potential contribution from CXCR4 haplo-
insufficiency alone is supported by a mouse model of the patient in
which the haploinsufficient (Cxcr4*?) genotype conferred a strong
long-term engraftment advantage over both WHIM (Cxcr4**) and
WT (Cxcr4**) genotypes after competitive BM transplantation in
lethally irradiated congenic recipient mice (16).

Importantly, cure of these patients demonstrates that the
hematologic phenotypes and infection susceptibility in WHIM
syndrome are driven by expression of the WHIM allele in hemato-
poietic cells, which suggests that both correcting and deleting the
disease allele in patient HSCs are rational curative gene therapy
strategies. The Cxcr4*/Cxcr4** competitive BM transplantation
experiments in lethally irradiated mice suggested that disease
allele deletion may actually be superior to disease allele correction
as a gene therapy strategy because of the potential for enhanced
engraftment of Cxcr4** HSCs. Here we test this hypothesis direct-
ly in mouse models of gene therapy for WHIM syndrome.

Results and Discussion

Cxcr4 genotype is a major determinant of hematopoietic reconsti-
tution during competitive BM transplantation in lethally irradi-
ated mice. We first conducted competitive transplantation experi-
ments with lethally irradiated WT (Cxcr4**) recipient mice and
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Figure 1. The Cxcr4 genotype rank order for peripheral blood reconstitution after competitive BM transplantation in lethally irradiated mice is Cxcr4*°,
which is greater than Cxcr4*/*, which is greater than Cxcr4*/*. (A and B) Donor-derived leukocyte frequencies after transplantation with total BM cells (A) or
FACS-purified Lin-Sca-1"c-Kit*CD48-CD34-CD150* HSCs (B). Experiment design is shown on the left of each row of graphs. Data are the percentage (mean +
SEM) of total donor-derived cells for each subset indicated. See Supplemental Figure 1, A and B, for representative flow cytometry plots and transplantation
conditions. (C) Donor-derived absolute leukocyte counts after competitive BM transplantation. Experiment design is shown on the left. Data are absolute
numbers of donor-derived cells per milliliter (mean + SEM) of the subset indicated. The average absolute blood counts of naive Cxcr4*/+ (black dashed lines,
n =58) and Cxcr4** (blue dotted lines, n = 38) mice from our colony are also presented. Each recipient was transplanted with 5 million BM cells (A and C) or
2,000 HSCs (B). For all conditions, n was at least 5 mice. SEM was less than 5% of the mean at all time points lacking visible error bars. Results were verified
in 3 additional independent experiments for A. +/0, +/+, and +/w denote Cxcr4*/°, Cxcr4*/*, and Cxcr4** donors, respectively. P values, 2-way ANOVA.

1:1 BM mixtures from all 3 possible pairings of congenic donor
mice distinguished by the following Cxcr4 genotypes: Cxcr4”*,
Cxcr4”? (Cxcr4 hemizygous/haploinsufficient), and Cxcr4”"
(WHIM model mice). The Cxcr47°/Cxcr4** and Cxcr4*”/Cxcr4*/"
competitions confirmed our previously published results (16)
and are included as contemporaneous comparators for the
Cxcr4"*/Cxcr4”" competition, which has not been previously
tested. In all 3 competitions, recipient blood reconstitution with
donor-derived leukocytes was strongly polarized with the rank
order Cxcr4*°, which is greater than Cxcr4*, which is greater than
Cxcr4*" (Figure 1A and Supplemental Figure 1A; supplemental
material available online with this article; https://doi.org/10.1172/
JCI120375DS1). The rank order was stable out to 300 days, HSC
intrinsic (Figure 1B, Supplemental Figure 1B, and Supplemental

Figure 2), and independent of the CD45 genetic background of the
donor mice (Supplemental Figure 3).

For the Cxcr47°/Cxcr4”» competition, the absolute numbers of
Cwxcr4*° donor-derived mature leukocytes rapidly increased to the
average value for each subset for Cxcr4"* mice, whereas the absolute
numbers of Cxcr4”" donor-derived mature leukocytes remained
below the average value for Cxcr4”” mice (Figure 1C). In contrast,
when each donor BM was transplanted independently into lethally
irradiated Cxcr4”* recipients, the steady state absolute numbers of
donor-derived peripheral blood leukocytes in the recipients consis-
tently tracked the average values for the corresponding subset in
donor mice (Supplemental Figure 4). Thus, the results identify com-
petitive suppression of Cxcr4”" leukocyte reconstitution in periph-
eral blood by Cxcr4*° hematopoiesis in the same mouse.
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Figure 2. The superiority of Cxcr4*/° BM for blood reconstitution after competitive transplantation in lethally irradiated mice involves an early HSC
proliferative advantage and superior long-term engraftment, but not an HSC BM-homing advantage. (A) Homing. Equal numbers of Cxcr4*° and Cxcr4*/"
lineage-negative BM cells were cotransplanted into lethally irradiated mice. Four hours later, the recipient BM was analyzed for donor-derived cells. (B)
Long-term engraftment of HSCs and HPCs. (C) Mature leukocyte retention. Blood and BM cells of the mice in Figure 1B were analyzed on day 465 after
transplantation. Data (n = 5) are the percentage (mean + SEM) of total donor-derived cells specific for the indicated Cxcr4 genotype (abbreviated as +/o,
+/+, and +/w) for the indicated HSCs and HPCs (A and B) and mature leukocytes (C) from individual experiments and are representative of 2 independent
experiments in A-C. (D) HSC proliferation (see Supplemental Figure 5 for details). Data (n = 5) are the percentage (mean + SEM) of BrdU* HSCs for each
donor from a single experiment representative of 2 independent experiments. (E) Survival. Cxcr4** (n = 15) and Cxcr4*° (n = 27) littermates were observed
in specific pathogen-free conditions. Lin", lineage-negative leukocytes; LT-HSC, long-term engrafting HSCs; ST-HSC, short-term engrafting HSCs; LSK, lin-
Scal*c-kit; MPP, multipotent progenitors. *P < 0.05; **P < 0.01; ***P < 0.005; **** P < 0.001; NS, not significant, Student’s t test.

The superiority of Cxcr4*° BM for reconstituting peripheral
blood leukocytes after competitive transplantation in lethally irradi-
ated mice involves an early HSC proliferative advantage and supe-
rior long-term HSC engraftment. We next evaluated potential
mechanisms for the hematopoietic reconstitution rank order
conferred by Cxcr4 genotype. We first tested HSC homing to
BM, which is known to be mediated by CXCR4 (7, 17). Con-
sistent with this, 4 hours after a 50:50 mixture of Cxcr4* and
Cxcr4*” lineage-negative BM cells was coinjected into lethally
irradiated mice, Cxcr4”" HSCs and hematopoietic progenitor
cells (HPCs) outnumbered Cxcr47° HSCs and HPCs in the BM
by an approximately 4:1 margin (Figure 2A). However, this ratio
was inverted when BM was analyzed 465 days after competitive
transplantation, aligning with the Cxcr4 genotype rank order for
Volume 128  Number 8
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blood reconstitution by mature donor-derived leukocytes in the
same animals (Figure 2B). This provides evidence for a posthom-
ing BM engraftment advantage conferred by Cxcr4 haploinsuf-
ficiency to transplanted HSCs.

CXCR4 is also known to mediate retention of HSCs and
neutrophils in BM (4, 18). Thus, biased BM retention of mature
Cxcr4* leukocytes must be considered as a potential expla-
nation for the blood results. We found no evidence for this in
the Cxcr4*°/Cxcr4”* competition (Figure 2C). However, in the
Cxcr47°/Cxcr4*" competition, we observed significantly higher
frequencies of mature Cxcr4”" leukocytes, especially B and T
cells, in BM than in blood, and conversely, higher frequencies of
Cxcr47° mature leukocytes in blood than in BM (Figure 2C). Thus,
biased BM retention of certain mature leukocytes in this competi-
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Figure 3. Correction of myeloid cytopenia in unconditioned WHIM mice by congenic Cxcr4*/° BM transplantation. (A) Cxcr4*° BM is superior to Cxcr4*/*
BM for establishing durable hematopoietic chimerism in unconditioned congenic Cxcr4+/* recipients. Experiment design is shown on the left of each row of
graphs. Donor-derived cell frequencies for each Cxcr4 genotype are shown for the leukocyte subsets indicated. Data are the percentage (mean + SEM) of
total cells for each subset (n = 5-8 mice per data point). Donor genotypes are abbreviated as +/0, +/+, and +/w. See Supplemental Figure 7 for representa-
tive flow cytometry plots and transplantation conditions. (B) Correction of myeloid cytopenia. Noncompetitive transplantation of 5 x 107 total BM cells
from Cxcr4*/ (red) or Cxcr4** (blue) donor mice to unconditioned Cxcr4*/* recipients. Experiment design is shown on the upper left. The lower panels show
donor-derived cell frequencies for the leukocyte subsets indicated, presented as the percentage (mean + SEM) of total cells for each subset (n = 5 mice
per data point). Donor genotypes are abbreviated as +/0 and +/w. The upper right 3 panels show leukocyte subset counts of total cells, recipient cells,

and donor-derived cells at day 120 after transplantation of unconditioned Cxcr4*/* mice receiving Cxcr4*” (red) or Cxcr4*" (blue) BM. Dashed lines indicate
average values of blood counts for each subset of naive Cxcr4*/* (red, n = 58) or Cxcr4*/* (blue, n = 38) mice in our colony. Symbols +/0—+/w and +/w—+/w
are the abbreviations of Cxcr4** mice receiving Cxcr4*° BM (red) and Cxcr4** mice receiving Cxcr4** BM (blue), respectively. *P < 0.05; **P < 0.01;

***P < 0.005. Single comparisons, Student’s t test; multiple comparisons, 2-way ANOVA.

tion may contribute to the net hematopoietic reconstitution activ- Although enhanced HSC proliferation has been reported to
ity rank order conferred by Cxcr4 genotype to transplanted BM. possibly result in HSC exhaustion and depletion, and maintenance
CXCR4 is also known to inhibit cell proliferation (5). Con-  of HSCs in quiescence has been reported to favor long-term hema-
sistent with this, in our previous report we found that Cxcr4”*  topoiesis (19-21), we did not observe any evidence of BM failure as
HSCs were hyperproliferative compared with Cxcr47* HSCs (16).  late as 465 days after competitive transplantation of Cxcr47° HSCs
Likewise, here we found that BrdU* cell frequency was approxi-  (Figure 1B, Figure 2C, and Supplemental Figure 6). Furthermore, in
mately 20% greater for Cxcr4”° HSCs than for Cxcr4”* HSCs 20 a formal aging study we found no difference in survival and health
hours after BrdU injection 7 days after competitive transplanta-  of Cxcr4”° mice compared with Cxcr47* littermates (Figure 2E).
tion (Figure 2D and Supplemental Figure 5). Thus, the superior- Leukopenia can be corrected in WHIM mice by Cxcr4”° BM trans-
ity of Cxcr47° BM for reconstituting peripheral blood leukocytes  plantation without recipient conditioning. We next tested whether
after competitive transplantation in lethally irradiated mice may = Cxcr4 genotype also affects engraftment after competitive BM
involve an early HSC proliferative advantage. transplantation in unconditioned congenic recipient mice. Over-
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Figure 4. Low-level Cxcr4*/° HSC engraftment after BM transplantation is sufficient to correct leukopenia in unconditioned WHIM mice. (A) Competitive
model. BM cells (107) from each of the indicated donors were mixed (final donor BM cell ratio was 47:53, Cxcr4*/°/Cxcr4*/*, Supplemental Figure 7) and trans-
planted into each unconditioned Cxcr4** mouse. Experiment design is shown on the upper left. Recipient mice were euthanized on day 385 after transplanta-
tion for mature leukocyte subset analysis in blood and BM, and HSC and HPC analysis in BM. (B) Noncompetitive model. Total BM cells (5 x 107) from each of
the indicated donors were transplanted separately into unconditioned Cxcr4*/* mice. Experiment design is shown on the upper left. Mice were euthanized on
day 348 after transplantation for mature leukocyte subset analysis in blood and BM, and HSC and HPC analysis in BM. For both A and B, data are the percent-
age (mean + SEM) of total cells contributed by the indicated donor (Cxcr4 genotype abbreviated as +/0 or +/w) for each indicated HSC/HPC subset in BM and
mature leukocyte subset in BM and blood (n = 5 mice per data point). **P < 0.01; ***P < 0.005; ****P < 0.001, Student’s t test. NS, not significant.
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all, the Cxcr4 genotype rank order for donor leukocyte reconsti-
tution in peripheral blood was the same as when lethally irradi-
ated Cxcr4*” mice were tested as the recipients: Cxcr4*?, which
is greater than Cxcr4*”, which is greater than Cxcr4*” (compare
Figure 1A and Figure 3A). In the Cxcr47°/Cxcr4*" competition,
the frequency of differentially marked Cxcr4”" donor-derived
cells was only 1%-4%, whereas the frequencies of donor-derived
Cxcr4° myeloid and B cells reached a plateau of 20%-40% by
100 days after transplantation that remained stable out to 315
days when the experiment was arbitrarily terminated. Cxcr4”* BM

jci.org  Volume128  Number8  August 2018

also had increased engraftment activity relative to Cxcr4”¥ BM,
but the difference was only approximately 2-fold and declined
toward the end of the experiment for neutrophils and B cells. In
the direct Cxcr4*/Cxcr4** competition, Cxcr4** donor-derived
cell frequency for each leukocyte subset in the peripheral blood
was approximately 2- to 3-fold greater than for the corresponding
Cxcr4”+ subsets, and this advantage was sustained long-term for
CD11b*, CD19*, and CD3" subsets, but not for neutrophils (Figure
3A). Overall, for each BM donor, myeloid cells reconstituted the
best and CD3* cells the least well.
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Since chimerism in an unconditioned congenic transplanta-
tion system is donor BM cell dose-dependent (22), we tested dif-
ferent doses and found that transplantation of 5 x 107 Cxcr47° BM
cells alone into unconditioned Cxcr4”" recipients (Figure 3B),
which established 60%-70% donor chimerism at steady state for
total leukocytes, myeloid cells, and B cells (Figure 3B), restored
the absolute myeloid cell counts to the normal range for Cxcr4**
mice (Figure 3B). In contrast, transplantation of 5 x 107 Cxcr4*”
BM cells alone resulted in no greater than 15% Cuxcr4”" donor-
derived CD45" cells in peripheral blood (Figure 3B), and did not
significantly increase the absolute cell number (Figure 3B).

Low-level Cxcr4** HSC and HPC engrafiment is sufficient to cor-
rect leukopenia in unconditioned WHIM mice. At termination, 385
days after cotransplantation of unconditioned Cxcr4*” recipients
with 107 Cxcr4”° and 107 Cxcr4*” donor BM cells (time course
described in Figure 3A), the frequencies of mature Cxcr4** donor-
derived leukocytes were very low and similar for each subset in BM
and peripheral blood (Figure 4A). The BM frequencies of Cxcr4 "
donor-derived HSCs and HPCs were also very low (Figure 4A). In
contrast, the frequencies of mature Cxcr47° donor-derived leuko-
cytes were much higher in peripheral blood for each subset than in
BM (Figure 4A). Surprisingly, the frequencies of Cxcr4*° donor-
derived HSCs and HPCs in BM were also low and similar to the
frequencies of Cxcr4”* donor-derived HSCs and HPCs in BM (Fig-
ure 4A). The same pattern of results was obtained when uncondi-
tioned Cxcr4”" recipients underwent transplantation separately
with 5 x 107 BM cells from either Cxcr4* or Cxcr4*"” donors (time
course described in Figure 3B), and were analyzed 348 days after
transplantation (Figure 4B). These data are consistent with a BM
egress advantage for donor-derived mature leukocytes conferred
by Cxcr4 haploinsufficiency over the Cxcr4*" genotype.

Taken together, our results provide evidence in 2 transplan-
tation models that WHIM allele silencing, as represented by
the Cxcr4*° genotype, is superior to WHIM allele correction,
as represented by the Cxcr4”* genotype, as a cure strategy in a
mouse model of WHIM syndrome. Importantly, transplantation
of Cxcr4*? BM, but not Cxcr4*” BM, in unconditioned Cxcr4*"
recipients corrected myeloid cell deficiency in the blood, a major
phenotype in WHIM syndrome that predisposes patients to bacte-
rial infections. Even low levels of donor Cxcr4*° LT-HSCs (~6% of
total HSCs) in the BM of unconditioned Cxcr4*" mice after trans-
plantation resulted in correction of the blood.

Inlethallyirradiated recipients, the major mechanisminvolves
markedly enhanced BM engraftment of Cxcr47* HSCs. This was
associated with early enhanced Cxcr4** HSC proliferation, which
may overcome the BM homing disadvantage of these cells rela-
tive to Cxcr4”” HSCs. The proliferation data in the lethally irra-
diated recipient transplantation model are consistent with previ-
ous reports indicating that WT CXCR4 negatively regulates HSC
proliferation (5). At steady state in the model, the great majority
of myeloid cells are from the Cxcr4”° BM donor in both recipient
BM and blood, suggesting that differential retention of mature
donor-derived Cxcr4* versus Cxcr4 " leukocytes in the BM plays
little if any role in explaining the almost complete reconstitution
of the blood with Cxcr4** myeloid cells. In contrast, differential
BM retention of lymphoid cells may contribute substantially to the
predominance of Cxcr4*° lymphoid cells in the blood.

CONCISE COMMUNICATION

The quite different BM results in the 2 transplantation mod-
els tested here suggest that the increased proliferative potential of
Cxcr4*° HSCs over Cxcr4*" HSCs may only become manifest when
stem cell niches are present in great excess over available donor
HSCs or when it is needed for an immune response. The number
of HSCs in BM is thought to be limited by the total number of spe-
cific niches available (5, 23). We speculate that in the lethally irradi-
ated recipient model, the proliferative advantage of Cxcr47° HSCs
is not limited by niche availability. In contrast, in unconditioned
WHIM mice, most niches are already occupied. Therefore, HSC
engraftment is limited regardless of the Cxcr4 genotype. In uncon-
ditioned Cxcr4”" recipients, leukopenia may stimulate produc-
tion of mature leukocytes from both Cxcr4”* and Cxcr4+° HSCs.
However, differential HSC proliferation and mature myeloid cell
egress from BM may provide the selective mechanism for restoring
the peripheral myeloid cell counts to normal with donor-derived
Cxcr4° but not Cxcr4* cells. A limitation of this interpretation is
that it is difficult to directly evaluate donor-derived HSC prolifera-
tion in vivo in unconditioned recipients due to the paucity of these
cells in BM and the slow time course of engraftment.

Importantly, we found that reconstitution of unconditioned
WHIM mice with Cxcr4** leukocytes was durable after BM trans-
plantation, and that survival in mice with a single copy of Cxcr4 in
their hematopoietic cells is normal. Although our results are not con-
sistent with CXCR4 haploinsufficiency being the sole genetic expla-
nation for the patient with WHIM who was cured by chromothripsis
(16), they do suggest that CXCR4 haploinsufficiency may have con-
tributed. The patient is also haploinsufficient for 163 other genes, so
many other possible genetic mechanisms must be considered. Nev-
ertheless, our results support further development of a cure strat-
egy for WHIM syndrome focused on syngeneic transplantation of
patient HSCs in which the WHIM allele has been deleted by gene
editing and patient conditioning is limited or even unnecessary.

Methods

Detailed methods are described in the Supplemental Methods online.
Statistics. All data are presented as mean + SEM. The 2-tailed Stu-

dent’s ¢ test was used for single comparisons and 2-way ANOVA was

used for multiple comparisons. P < 0.05 was considered significant.
Study approval. All animal experiments were approved by the

IACUC of the National Institute of Allergy and Infectious Diseases.
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