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Abstract

WHIM (warts, hypogammaglobulinemia, infections and myelokathexis) syndrome is an ultra-rare
combined primary immunodeficiency disease caused by heterozygous gain-of-function mutations
in the chemokine receptor CXCR4. WHIM patients typically present with recurrent acute
infections associated with myelokathexis (severe neutropenia due to bone marrow retention

of mature neutrophils). Severe lymphopenia is also common but the only associated chronic
opportunistic pathogen is HPV and mechanisms are not clearly defined. Here we show that
WHIM mutations cause more severe CD8 than CD4 lymphopenia in WHIM patients and WHIM
model mice. Mechanistic studies in mice revealed selective and WHIM allele dose-dependent
accumulation of mature CD8 single positive (SP) cells in thymus in a cell-intrinsic manner due

to prolonged intrathymic residence, associated with increased CD8 SP thymocyte chemotactic
responses /11 vitro towards the CXCR4 ligand CXCL12. In addition, mature WHIM CD8* T cells
preferentially home to and are retained in the bone marrow in mice in a cell-intrinsic manner.
Administration of the specific CXCR4 antagonist AMD3100 (plerixafor) in mice rapidly and
transiently corrected T cell lymphopenia and the CD4/CD8 ratio. After LCMV infection, we found
no difference in memory CD8* T cell differentiation or viral load between wild type and WHIM
model mice. Thus, lymphopenia in WHIM syndrome may involve severe CXCR4-dependent
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CD8* T cell deficiency resulting in part from sequestration in the primary lymphoid organs,
thymus and bone marrow.
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Introduction

Methods

Patients

CXCR4 is constitutively expressed in most tissues and leukocyte subsets, and regulates
organogenesis, hematopoiesis and leukocyte trafficking (1-4). Mutations in the CXCR4
C-terminal domain cause the ultra-rare, autosomal dominant, primary immunodeficiency
disorder WHIM syndrome (OMIM # 193670).

WHIM mutations eliminate phosphorylation sites required for p-arrestin recruitment and
CXCR4 internalization, thereby blunting receptor downregulation and enhancing CXCR4
signaling (5, 6). This amplifies CXCR4 signals that normally restrain neutrophil egress

from bone marrow (BM) and promote homing of senescent neutrophils to BM (7). The net
result is myelokathexis, which is characterized by myeloid hyperplasia, neutropenia, and
dysmorphic apoptotic BM neutrophils. B cell lymphopenia is also common and is associated
with moderate hypogammaglobulinemia. Neutropenia and hypogammaglobulinemia are
thought to drive recurrent acute infection with common bacterial pathogens in WHIM
patients (8).

Susceptibility to HPV is less well understood, but may involve T cell-dependent
immunodeficiency. In this regard, circulating CD4* and CD8* T cells are reduced in most
WHIM patients (8-10). Furthermore, reports of skewed TCR diversity and reduced levels

of recent thymic emigrants (RTEs) (9, 11, 12) suggest a thymic defect. Although mice
completely lacking Cxcr4 or its ligand Cxc/12are non-viable (2, 4), knockout embryos and
conditionally Cxcr4-deficient mice have indicated that Cxcr4 promotes thymic homing of

T cell progenitors (13-15) as well as T cell survival and proliferation at early stages of
development (16, 17). However, mice deficient in Cxcr4 from the double positive (DP) stage
onwards show normal cellularity at the DP stage onwards and normal splenic T cell numbers
and distribution, suggesting that CXCR4 signaling is dispensable for ap T cell development
(18). Despite these insights, the mechanisms underlying T lymphopenia and the role of
CXCR4 signaling during T cell development in WHIM syndrome are not fully defined (10).
Here, we addressed this gap by studying T cell development and distribution in CXCR4
S338X WHIM model mice (19).

WHIM patients were recruited to a clinical research protocol approved by the Institutional
Review Board of the National Institutes of Health consistent with the Declaration of
Helsinki. The diagnosis of WHIM patients was established by the presence of compatible
clinical manifestations, including at a minimum severe sustained neutropenia (absolute

J Immunol. Author manuscript; available in PMC 2023 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Majumdar et al.

Mice

Page 3

neutrophil count < 500 cells/microliter of whole blood) and a damaging heterozygous
mutation located in the region of the CXCR4 open reading frame that encodes the C-
terminal domain of the receptor. All subjects gave informed written consent.

Five-eight-week old mice of either sex were used. Development of Cxcr4*/2023(+/w) WHIM
mice on a C57BL/6 background has been described (19). The nucleotide change at position
1013 is the second-most common WHIM mutation and introduces a stop codon for codon
Ser338. Congenic wild type Cxcr4*/* (+/+), heterozygous Cxcr4*/1013 (+/w) or homozygous
Cxcr41013/1013 (44 1) mice were obtained by breeding either +/+ and +/wmice or +/wand
+/wmice. For transplantation studies, the +/+ and +/wmice were crossed with C57BL/6
mice polymorphic for CD45.1 or CD45.2 to mark cells from competing donor and recipient
cells (20). Recombination-activating gene-green fluorescent protein (RAG-GFP) mice have
been described (21). All mice were maintained in a specific pathogen-free NIH facility
under a 12 h light/dark cycle and had access to water and food ad /ibitum. The study was
reviewed and approved by the Animal Care and Use Committee of NIAID.

Cell enumeration

Cell suspensions were diluted in PBS (Thermo Fisher Scientific, Waltham, MA, U.S.A)
prior to mixing in a ratio of 1:1 with ViaStain™ AOPI Staining Solution (Nexcelom
Bioscience, Lawrence, MA, U.S.A). The cell numbers were counted using the Cellometer
Auto 2000 Cell Viability Counter (Nexcelom Bioscience). By flow cytometry, the
frequencies and absolute numbers of cell subsets were calculated.

Tissue processing and cell enumeration

Maxillary vein blood was collected in EDTA-coated tubes (Sarstedt, Nlimbrecht, Germany).
The harvested organs were pressed through 0.7 um cell strainers. Erythrocytes were

lysed using ACK lysis buffer (Quality Biological ™, Gaithersburg, MD, U.S.A). BM was
flushed and resuspended with RPMI-1640 (Thermo Fisher Scientific) containing 10%

FBS (GeminiBio™, West Sacramento, CA, U.S.A) and 2 mM EDTA (MilliporeSigma,
Burlington, MA, U.S.A).

For LCMV challenge experiments, spleens were collected on day 8 post-infection, and
splenocytes were dissociated with Liberase™ (0.25 mg/mL, MilliporeSigma) at 37°C for
15 mins, then passed through 0.7 um cell strainers followed by erythrocyte lysis. Cells
were washed and resuspended in lymphocyte medium (RPMI-1640 containing 10% FBS,
Penicillin-Streptomycin, HEPES, 2-Mercaptoethanol, MEM Non-Essential Amino Acids
Solution and Sodium Pyruvate, Thermo Fisher Scientific).

Flow cytometry

The peripheral blood mononuclear cells (PBMCs) from healthy donors (HDs) and WHIM
syndrome patients were stained for FACS at 4°C for cell-surface expression of CD45,
CD3, CD4 and CD8. Subsequently, the cells were washed with PBS, and fixed with

1.0% formaldehyde prior to resuspension in PBS. The samples were acquired on a BD
FACSLyric™ (BD Biosciences, Franklin Lakes, NJ, U.S.A) and the results were analyzed
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using FCS Express 6 Flow Cytometry Clinical Edition (22) (De Novo™ Software, Pasadena,
CA,US.A).

For mice, blood samples or single cell suspensions of splenocytes, thymocytes, BM cells or
LNs were incubated with the viability dyes Zombie UV™ (BioLegend®, San Diego, CA,
U.S.A) or LIVE/DEAD™ Aqua (Thermo Fisher Scientific), according to the manufacturer’s
instructions. Next, the Fc receptors were blocked using anti-CD16/CD32 monoclonal
antibodies for 10 mins at 4°C. The fluorescently-labeled monoclonal antibodies specific

to cell-surface markers were added to the samples, and were stained for 45 mins in the
dark at 4°C. Prior to acquisition on the flow cytometer, the samples were washed with
FACS buffer (PBS containing 2% FBS and 2 mM EDTA) and were resuspended in the
same. All flow cytometry analyses were performed on single, live events. The antibodies
used for FACS analysis are listed in Table S1 and gating strategy for thymocyte analysis

is provided in Fig. S1. Briefly, the DN, DP and SP thymocyte subsets were gated on the
basis of CD4 and CD8 expression. For quantification of SP subsets, CD4 SP and CD8 SP
cells were gated and plotted on CD24 versus TCRp plots, and the CD24Mh(W)TCRB* and
CD24low(0)TCRB* cells were gated and quantified (23-25). For quantification of mouse T
cells in blood, spleen and the lymph nodes, the cells were analyzed by initially gating on
CD45-isoform expression. The CD4* and CD8* T cells in the CD45* gate were quantified.

For quantification of LCMV-specific T cells, splenocytes were stained with LIVE/DEAD™
Agua along with Fc blocking solution and antibodies against CD127, KLRG1, CD8 and
GP33-MHC-I tetramers (NIAID tetramer core facility, Emory Vaccine Center, Emory
University, Atlanta, GA) at 4°C for 30 mins. To stain for intracellular cytokines, the
splenocytes were stimulated with GP33 peptide (200 pg/mL, Peptide 2.0 Inc, Chantilly,

VA, U.S.A) for 4 h with protein transport inhibitor cocktail (Thermo Fisher Scientific).
Subsequently, the cells were stained with LIVE/DEAD™ Aqua and antibodies against CD44
and CD8. After cell surface staining, fixing and permeabilization, the intracellular molecules
were stained. The cells were resuspended in PBS prior to acquiring data on the flow
cytometer (26).

Transplantation experiments

BM was harvested from +/+ (CD45.1/.2) and +/w (CD45.2) mice expressing RAG-GFP. The
T cells were depleted using the CD3e MicroBead kit (Miltenyi Biotec, Bergisch Gladbach,
North Rhine-Westphalia, Germany) and the autoMACS® Pro Separator (Miltenyi Biotec). T
cell-depleted +/+ and +/wBM cell suspensions were mixed 1:1, and ~5x10° cells per mouse
were injected via tail vein in sex-matched +/+ and +/w recipient/host mice 6-8 h after lethal
irradiation (9 Gy). The irradiated mice were provided with neomycin-supplemented water
for 4 weeks (20). After 8-10 weeks of BM reconstitution, recipient organs were analyzed
(27).

Homing assays

Cell suspensions from spleen, mesenteric lymph node (mLN) and inguinal lymph nodes
(iLNs) from naive +/+ or +/wmice expressing either CD45.1 or CD45.2 were obtained,
and mixed 1:1 and resuspended in RPMI-1640 containing 1X Penicillin-Streptomycin. 15—
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20x10° cells per mouse were i.v-injected into CD45.1/.2 +/+ and +/wmice. After 24 h, T
cell composition was analyzed in recipient mouse organs. The homing index of +/wT cells
was calculated as the output ratio of +/w T cells versus +/+ T cells, divided by the input ratio
of +/wT cells versus +/+ T cells. The input ratio varied slightly between experiments but the
above index corrected for differences in composition between T cells of +/+ and +/wmice
(28).

assays

For each experiment, thymocytes were pooled from 4 +/+ or 4 +/wmice, divided in two and
each part was enriched for CD4 or CD8 SPs by negative selection using CD4* T cell and
CD8a* T cell isolation kits and magnetic-activated cell sorting following the manufacturer’s
recommendation (Miltenyi Biotec). The 4 SP subsets were labeled differently (x1 unstained,
x1 double stained, x2 single stained) using green and violet calcein AM (BioLegend®).

Of note, different calcein labeling patterns were used in different experiments to rule out
possible artifacts introduced in our cell migration assays caused by the distinct calcein
staining of each SP subset. Then, equal total numbers of the 4 calcein-labeled SP subsets
were pooled together and resuspended in assay buffer (RPMI-1640 supplemented with 10
mM HEPES and 0.5% BSA, MilliporeSigma) at 8x108 total cells/mL. Where indicated,
increasing concentrations of recombinant mouse CXCL12 (PeproTech, Rocky Hill, NJ,
U.S.A) were added in quadruplicate to the bottom wells of a 96-well ChemoTx transwell
plate (Neuro Probe, Gaithersburg, MD, U.S.A) and 2x10° cells/well (50,000 cells from
each SP subset) were placed on top of a 5 um pore-sized membrane. Cells were allowed

to migrate for 90 mins at 37°C, and cells migrated to the bottom well were counted and
analyzed by FACS. For each SP subset, the chemotaxis index was calculated as the ratio of
migrated cells at a given CXCL12 concentration over spontaneous migration to buffer alone.

AMD3100 treatment

Mice received 10 mg/kg of plerixafor (Sanofi, Paris) in 0.2 mL PBS i.p. At 2.5 h post-
injection, blood leukocytes were quantitated by FACS, as described (29).

LCMYV infections and serum virus load estimation

Mice were injected i.p. with 2x10° plaque-forming units of LCMV. On days 4 and 8
post-infection, blood was collected for viral RNA estimation. Quantification of LCMV-
specific T cells and /n vitro peptide stimulation for intracellular cytokine measurement
were performed as described (26). On days 4 and 8 post infection, serum samples

from peripheral blood were collected. Viral RNA was extracted using the PureLink Viral
RNA/DNA mini kit (Invitrogen, Thermo Fisher Scientific) according to the manufacturer’s
instructions. Next, the isolated RNA was reverse transcribed using QuantiTect reverse
transcription kit (Qiagen, Hilden, Germany). By real-time PCR with the PowerUp™
SYBR™ Green master mix, the cDNA was quantified (Applied Biosystems; Thermo
Fisher Scientific) on a QuantStudio 3 real time system (Applied Biosystems). The

primers used to quantify the transcripts specific for the LCMV segment S envelope
glycoprotein (GP) gene were (Forward-CATTCACCTGGACTTTGTCAGACTC, Reverse-
GCAACTGCTGTGTTCCCGAAAC) (26).
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Statistical analysis

Differences were analyzed using GraphPad Prism (GraphPad Software, La Jolla, CA,
U.S.A). For one-way ANOVA analyses, data sets were checked for heteroscedasticity using
the Brown-Forsythe and Bartlett’s test. Tukey’s or Dunnett’s multiple comparisons test
were used for data sets with equal or significantly different SD, respectively. The data are
presented as mean + SEM or mean = SD, as indicated in the figure legends.

Study approval

Results

All mouse experiments were performed using an NIAID Animal Care and Use Committee-
approved protocol in approved and certified facilities.

Elevated blood CD4/CDS8 ratio in WHIM patients and WHIM model mice

WHIM thymi

We first determined circulating CD4* and CD8" T cell counts for 30 WHIM patients who
showed no signs of active infection and were not receiving G-CSF or immunoglobulin
supplementation. Approximately 75% were at or well-below the lower limit of normal,
independent of age (Fig. 1A and 1B). The mean CD4/CD8 ratio was elevated by ~3-fold
compared with healthy donors (n=39), revealing a disproportionate deficiency of CD8* T
cells over CD4* T cells (Fig. 1C).

Similarly, in mice the circulating CD8* T cell frequency within the CD3* gate declined

in a CXCR4 S338X WHIM allele dose-dependent manner; consequently, the proportions

of CD4" T cells were increased (Fig. 1D, left panel). The absolute numbers of both
circulating CD4* and CD8" T cells were reduced in +/wmice and further reduced in w/w
mice (Fig. 1D, right panel). Circulating CD4/CD8 ratios were elevated in a WHIM allele
dose-dependent manner (Fig. 1E). Therefore, the WHIM CXCR4 mutation in both mice and
humans depressed circulating CD8* T cell counts more severely than CD4™ T cell counts.

accumulate mature CD8 single positive cells

To test the contribution of the thymus to T lymphopenia in WHIM syndrome, we
investigated T cell development in 5-8 week old +/+, +/wand w/w littermates. The

thymi of S338X WHIM mice are reported to have ~30% reduced cellularity than their

+/+ counterparts, resulting in all the major thymocyte subsets namely, DN, DP, CD4 and
CD8 SP thymocytes, being significantly reduced (19, 30). While we did observe that the
total thymic cellularity trended lower in the presence of the WHIM allele, the number of
thymocytes obtained from +/+and +/W mice did not vary significantly (Fig. S2A). We found
a small decrease in DP cell frequency in w/iwmice, whereas the proportion of SP cells
increased (Fig. S2B, C). Similarly, while the total DP cell number was reduced in w/iv mice,
thymic CD4 and CD8 SP cell content increased. However, only CD8 SP numbers increased
in a clear WHIM allele dose-dependent manner (Fig. 2A). Conversely to the blood, the
intrathymic CD4/CD8 ratio declined in a WHIM allele dose-dependent manner (Fig. 2B),
indicating disproportionately more CD8 SP thymocytes than CD4 SPs in WHIM mouse
thymi.
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We next analyzed expression of the maturation markers CD24 (heat-stable antigen) and
TCRp on SP cells. Semi-mature SP cells are CD24MTCRB* whereas mature SP cells

are CD24!°TCRp* (23-25). Compared to +/+ littermate controls, u/w but not +/wmice
displayed a small increase in mature CD24!°TCRB" CD4 SP cells (Fig. 2C, D). Consistent
with this, CD4 SP CD24M/CD24° cell ratios were reduced only in w/w mice when
compared to +/+ mice (Fig. 2D). In contrast, in the CD8 SP compartment there was a
marked WHIM allele dose-dependent increase in absolute number of mature CD24'°TCRpN
cells (Fig. 2F and 2G), whereas the absolute numbers of semi-mature CD24"TCRpN CD8
SP cells were similar in all three groups (Fig. 2G). Consequently, CD8 SP CD24N/CD24!°
ratios decreased in a WHIM allele dose-dependent manner (Fig. 2H). Thus, peripheral CD8*
T cell lymphopenia in WHIM mice is not due to defective thymic development. Moreover,
the increase in intrathymic CD8 SP cells was accounted for by increased mature CD8 SP
cells.

Accumulation of intrathymic WHIM CD8 single positive thymocytes is cell-intrinsic and
occurs due to prolonged thymic residence

Since all WHIM syndrome patients are heterozygous and not homozygous for the CXCR4
gain-of-function mutation, we restricted the remainder of the experiments in this study to
+/+ and +/wmice. To address mechanisms of intrathymic accumulation of CD8 SPs in
WHIM mice, we performed competitive transplantation experiments in lethally irradiated
+/+ and +/wrecipient mice reconstituted with BM from +/+ and +/wmice expressing
RAG-GFP, which allows quantitation of the relative duration of thymic residence (27) and
identification of RTEs, and distinguishes recirculating T cells from thymocytes (21, 31, 32).
Importantly, we previously reported that baseline frequencies of HSCs in BM from WT
and WHIM mice are similar (33). Donor +/+ and +/wthymocytes comprised ~78% and
20%, respectively, of total thymocytes 8—10 weeks after reconstitution, regardless of host
genotype. This difference aligns with the reported engraftment disadvantage of +/wBM
compared to +/+ and +/0 BM in competitive transplantation experiments in mice (33).

CD8 SP frequencies were increased for donor +/wthymocytes compared with donor +/+
thymocytes in both +/+ and +/w recipients, whereas frequencies were similar for double
negative (DN), DP and CD4 SP cells (Fig. 3A-D). The CD4/CD8 SP ratio was decreased for
donor +/wthymocytes (Fig. 3E). Furthermore, the donor +/+:+/wfrequency ratio was below
1 for CD8 SP cells, but not for CD4 SP cells, in both recipient groups (Fig. 3F), which
indicates that the WHIM mutation promotes intrathymic accumulation of CD8 but not CD4
SPs.

Consistent with results in naive mice, the frequencies of CD24MNCD8 SP and CD24!°CD8
SP thymocytes among total CD8 SP were decreased and increased, respectively, for the +/w
donor compared with the +/+ donor in both recipient groups (Fig. 3G, H). Increased CD8 SP
content in the thymus could result from WHIM allele-dependent effects on thymic residence
time (27) and/or CD8* T cell recirculation in the thymus (31, 32), which we measured by
RAG-GFP expression. RAG-GFP* cell frequencies in the TCRB* SP compartments were
similar for +/+ and +/wdonors in both +/+ and +/wrecipients, and all frequencies exceeded
90%, indicating that recirculating T cells (RAG-GFP~) did not contribute significantly to the
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increased intrathymic WHIM CD24!°CD8 SP frequencies (Fig. 31). In addition, while donor
+/+ and +/w TCRB*CD4 SPs expressed similar levels of RAG-GFP (+/+:+/wRAG-GFP
MFI ratio = 1), donor +/w TCRB*CD8 SPs expressed lower RAG-GFP levels than donor
+/+ TCRB*CD8 SPs (+/+:+/wRAG-GFP MFI ratio > 1) in both recipient groups (Fig. 3J).
These results indicate that the accumulation of mature WHIM CD8 SPs is cell-intrinsic and
that the WHIM mutation prolongs the thymic residence time of these cells.

WHIM CD8 single positive cells show heightened CXCL12-induced chemotaxis

CXCR4 downregulation during T cell development is crucial for SP intrathymic trafficking
(27). Therefore, we next studied cell-surface CXCR4 levels and chemotactic responses of
thymocytes from naive +/+ and +/wmice. In agreement with the literature (18), CXCR4
expression was high on DN and DP thymocytes and downregulated in SPs, with CD8 SPs
expressing higher CXCR4 surface levels than CD4 SPs (Fig. 4A), indicating that CXCR4
regulation was normal on WHIM thymocytes. Since our previous data pointed to CD8 SP

as the major thymic population affected by the Cxcr42023 WHIM mutation, we compared
CXCL12 chemotactic responses of +/+ and +/w SP thymocytes. The overall migration

of the SP pool peaked at 1 nM of CXCL12 and aligned with the expected bell-shaped
dose-response curve (Fig. 4B). +/w CD8 SPs displayed a markedly higher response than

any other SP subset (Fig. 4C). The relative rank order of migration was +/w CD8 SP > +/+
CD8 SP > +/wCD4 SP = +/+ CD4 SP. Higher chemotactic responsiveness by +/wCD8

SP might delay their migration from the CXCL12-rich cortex to the medulla and explain
prolonged thymic residence time and intrathymic accumulation. In addition to CXCR4, we
also quantified cell-surface expression of CCR7, CCR9 and S1PR1, molecules that critically
influence thymocyte development, migration and egress (34). CCR7 and CCR9 levels on
WHIM TCRB* SPs were observed to be normal compared to WT TCRB* SPs (Fig. S2D, E).
The expression of S1IPR1 on mature (TCRB*CD69'°MHC-1M) WT and WHIM SPs was also
comparable (Fig. S2F).

Cxcr4 WHIM mutation promotes accumulation of CD8 T cells in the bone marrow

We next quantified T cells in the BM, spleen and mLN of +/+ and +/wmice. +/wBM had
higher CD4* and CD8* T cell content than +/+ mouse BM, with more CD8"* than CD4* T
cells (Fig. 5A). However, increased T cell content was not observed in mLN of +/wmice.
Similar to the blood (Fig. 1), +/wmice presented lower CD4* and CD8" T cell numbers in
the spleen (Fig. 5A). In addition, unlike +/wBM, both +/wspleen and +/wmLN contained
fewer CD8* than CD4* T cells (Fig. 5A).

To understand why CD8" T cell content is elevated in +/wBM, we performed homing
experiments (Fig. 5B) as previously described (28). +/wCD4* and CD8* T cells had greater
BM homing capacity than +/+ T cells (homing index > 1) in both recipient mouse groups
(Fig. 5C). However, donor +/w cells had no advantage (homing index < 1) in homing to the
mLN, while +/wCD8* T cells demonstrated a small but significant homing advantage to the
+/wspleen (Fig. 5C). Interestingly, +/wCD8" T cells showed higher BM homing capacity
than +/wCD4" T cells in +/wbut not +/+ host mice (Fig. 5C).
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To address whether increased BM T cell content in +/wmice was cell-intrinsic, we
transplanted +/+ and +/wmice with BM cells from +/+ and +/wmice expressing RAG-GFP.
The +/+ and +/wdonor BM-derived CD45" cells comprised an average of 76% and 24%

of total CD45™ cells in the reconstituted host BM, respectively. While the distributions of
donor CD4™" T cells were similar, the frequency of +/wdonor CD8* T cells exceeded that
of +/+ donor CD8* T cells in cotransplanted +/+ recipients, but not in +/whosts (Fig.

5D, E). However, the CD4/CD8 ratio of +/wdonor cells was markedly lower than that

of +/+ transplanted cells in both recipient groups (Fig. 5F), indicating that the WHIM
mutation promotes greater accumulation of CD8* than CD4* T cells in the BM. Importantly,
disproportionate accumulation of +/wdonor CD8* T cells was not observed in any other
analyzed tissue (Fig. S3). Therefore, WHIM CD8™" T cells preferentially home to and are
retained in the BM in a cell-intrinsic manner.

WHIM syndrome patients have been reported to possess low numbers of circulating RTEs
(9, 11). Therefore, we investigated RTE frequencies (RAG-GFP* T cells) in the BM of
reconstituted mice. For CD4* T cells, the frequencies of +/w CD4* RTEs exceeded those

of +/+ CD4* RTEs in both recipient groups (Fig. 5G), whereas the pattern of CD8* RTE
frequency was both donor- and recipient-dependent (Fig. 5H). Consequently, differences in
CD4/CD8 RTE ratios between +/+ and +/wdonor T cells were also host-dependent (Fig. 51).
We concluded that with the exception of donor CD8* RTEs in +/+ host mice, the frequency
of both +/wCD4* and CD8" RTEs was elevated in the BM, possibly contributing towards
sequestering RTEs from the circulation.

Cxcr4 WHIM mutation does not affect CD8" T anti-LCMV responses

To address the impact of the WHIM mutation on anti-viral CD8* T cell-dependent immune
responses, we analyzed mice acutely infected with the Armstrong strain of LCMV (35).
We found that overall cellularity and absolute numbers of CD8" T cells in the spleens of
+/wmice were lower than in +/+ mice both before and after infection, but an increase of
CD8* T cell counts was observed upon LCMYV infection (Fig. 6A, B). The LCMV burden
in the sera was similar in +/+ and +/wmice on day 4 post infection, whereas on day 8

viral burden was higher in +/wthan +/+ mice, possibly due to low CD8" T cell numbers in
+/wmice (Fig. 6C). Nonetheless, the proportions of LCMV-specific CD8* T cells for the
immunodominant LCMV epitope GP33 were similar in +/+ and +/wmice (Fig. 6D). Upon
infection, virus-specific CD8" T cells differentiate into memory precursor effector cells
(MPECs, KLRG1!°CD127) or short-lived effector cells (SLECs, KLRG1MNCD127'°) (26).
It has been reported that CXCR4 overexpression in activated CD8* T cells is associated
with a higher frequency of MPECs and lower frequency of SLECs (36). MPEC and SLEC
frequencies were comparable among GP33-specific CD8* T cells of infected +/+ and
+/wmice (Fig. 6E). Furthermore, the frequencies of GP33* +/+ and +/wCD8" T cells
expressing the cytotoxic molecule granzyme B after LCMV infection /n vivo (Fig. 6F),
and the frequency of CD447CD8" cells from LCMV-infected +/+ and +/wmice producing
IFN-y, IFN-y+TNF-a or IFN-y+IL-2 after ex vivo stimulation with the GP33 peptide were
largely comparable (Fig. 6G). Thus, expansion and differentiation of competent anti-viral
antigen-specific CD8* T cells are intact in WHIM mice in this model.

J Immunol. Author manuscript; available in PMC 2023 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Majumdar et al.

Page 10

The CXCR4 inhibitor AMD3100 corrects T cell lymphopenia in WHIM mice

The CXCR4 antagonist AMD3100 (plerixafor) approved by the FDA for autologous
transplantation in patients with Non-Hodgkin’s Lymphoma or multiple myeloma (37)
ameliorates panleukopenia in both WHIM patients (8, 38—40) and WHIM mice (19).
However, previous studies in the mouse model did not specifically address the effect of
AMD3100 on CD4" and CD8* T cells. AMD3100-induced leukocyte release is known

to peak in mice at ~2.5 h after subcutaneous injection (29). Therefore, to investigate
whether CXCR4 inhibition could correct CD8 lymphopenia in WHIM mice, we studied
blood leukocytes in +/+ and +/wmice ~2.5 h after administering a bolus 10 mg/kg i.p.
dose of AMD3100. Confirming previously published results (19, 29), we observed a large
surge of leukocytes in +/+ and +/wmice upon AMD3100 treatment that equalized the
total leukocyte counts in the blood between these mouse groups (Fig. 7A). Furthermore,
AMD3100 treatment successfully corrected CD4* and CD8* T lymphopenia (Fig. 7B), and
restored the CD4/CD8 T cell blood ratio to normal in +/wmice (Fig. 7C).

Discussion

In this study, we provide evidence that T cell lymphopenia in WHIM syndrome is driven
asymmetrically by severe CD8* T cell lymphopenia in both WHIM patients and WHIM
model mice, which may be caused at least in part by sequestration of CD8* T cells in the
two primary lymphoid organs, thymus and BM, but not in secondary lymphoid organs, LN
and spleen (Table 1). This might be explained by multiple factors including constitutive
production of CXCL12 by the thymic cortex (14, 18) and BM endothelium (28, 41),
CXCR4- and CXCL12-dependent and -independent homing of CD8* T cells in the BM

and spleen, respectively (28, 42, 43), and higher CXCR4 expression by BM CD8* compared
to BM CD4* T cells or splenic T cells (28, 44). Moreover, we show that severe CD8* T
lymphopenia in WHIM mice does not preclude a normal virus-specific CD8* T cell immune
response, which aligns with the paucity of opportunistic viral infections apart from HPV in
patients with WHIM syndrome. Our results also support the clinical usage of AMD3100 to
maintain normal CD4* and CD8™" T cell counts in the blood of WHIM syndrome patients.
To our knowledge, this is the first report using a human genetic disease model that connects
prolonged thymic residence of mature CD8 SPs with peripheral CD8* T cell cytopenia.

We found that sequestration of CD8* SP thymocytes in the thymus affected mainly mature
CD241°CD8 SP cells and involved their prolonged residence time in the thymus. The
sequestration of WHIM CD8 SP cell content in the thymus was cell-intrinsic and occurred
despite overall reduced cellularity in WHIM thymi. The WHIM mutation may subvert the
normal process by which TCR-mediated CXCR4 downregulation allows positively selected
SP thymocytes to migrate from the CXCL12-rich thymic cortex into the medulla (27, 45).
In this regard, WHIM CD8 SP thymocytes displayed enhanced chemotactic responses to
CXCL12 compared with WT CD8 SPs or either WT or WHIM CD4 SPs. This may be
explained by the lower levels of cell-surface CXCR4 protein we detected on CD4 SPs
compared to CD8 SPs, consistent with previous analysis at the transcriptional level (46).
Thus, we propose that the relatively high expression levels of a hyperfunctional CXCR4
variant on CD8 SPs delays the movement of these cells from the cortex to the medulla,
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resulting in prolonged thymic residence and accumulation in the thymus. Intrathymic
accumulation of mature CD24!° CD8 SP cells in WHIM mice likely adversely affects the
thymic output. However, quantification of thymic output in blood of WHIM mice would
be confounded by at least two factors: reduction of T cells in blood of WHIM mice (Fig.
1D) and accumulation of WHIM RTEs in the BM of mice (Fig. 5 G-I). Our results appear
to argue against the postulated notion that high levels of CXCL12 promote thymic egress
by repelling CD4 SP cells in a CXCR4-dependent fugetactic manner (47, 48). Instead,

and consistent with our data, it has been shown that persistent expression of CXCR4 in
mice impairs the migration of TCRM thymocytes from the cortex to the medulla of the
thymus, prolonging their thymic residence and increasing intrathymic SP proportions (27).
Zehentmeier et al. recently reported that an independent line of WHIM mice carrying the
most common WHIM mutation CXCR4 R334X were also lymphopenic, but, in contrast to
our results, they found that the WHIM SP thymocytes did not accumulate in the thymi of
naive mice (49). Although it is unlikely that the R334X and S338X mutations have different
effects on thymocyte distribution, this possibility will need to be addressed in future direct
comparisons of the two lines of mice.

CD8* WHIM T cells homed more avidly from blood to BM but not mLN compared to

wild type control cells, and could be readily mobilized to the blood by blocking CXCR4
with the specific antagonist AMD3100, suggesting that BM sequestration is caused by both
increased homing to and increased retention in BM, both dependent on CXCR4 gain-of-
function. Our results are consistent with previous reports that in mice the CXCL12/CXCR4
signaling axis is crucial for normal homing of naive and memory CD8* T cells in the

BM under homeostatic conditions (28, 42), as it is for HSCs (41) and neutrophils (7).

Our results are also consistent with the recently published study on the CXCR4 R334X
WHIM mouse model, wherein the authors observed high T cell content in the BM of
WHIM mice due to their enhanced BM homing capacity (49). In addition, the authors of the
study demonstrated that IL-7 downregulation in mesenchymal stem cells contributes towards
peripheral lymphopenia in the CXCR4 R334X WHIM mice (49). While, we did not measure
BM IL-7 amounts in our mice, the IL-7R (CD127) expression on WT and WHIM BM T
cells was similar, along with the ex vivo IL-7 responsiveness with respect to phospho-STAT5S
levels (Fig. S2G, H). Therefore, as in the thymus, we propose that the heightened CXCL12
responsiveness of WHIM CXCR4 promotes infiltration and accumulation of CD8* T cells
into the CXCL12-rich BM, contributing to peripheral CD8* T cytopenia, which could be
rapidly and transiently corrected by administration of the CXCR4 inhibitor AMD3100. We
have previously demonstrated that the CXCR4 inhibitor AMD3100 mobilizes T cells from
the BM and the thymi in wild type mice (29). Consistent with our conclusions, it has been
previously shown in wild type mice that CXCR4 overexpression or elevated CXCL12 levels
in the BM lead to T cell accumulation, increased BM homing, and peripheral lymphopenia
(36, 51-53).

In addition to oto-sino-pulmonary bacterial infections, WHIM patients have difficulty
clearing infection with HPV and in some cases herpes simplex virus, and there are reports of
HPV- and EBV-driven neoplasms in patients (5, 8, 54, 55). Other viral infections, including
herpesvirus infections, do not clearly occur more frequently or with more severity in WHIM
patients than in healthy individuals (8). In particular, in our cohort of 47 WHIM patients
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that we have been studying for 17 years, we have a few patients with herpes simplex
infections and patients with a history of chickenpox, but no patients with unusually severe
or persistent herpesvirus infections. The mechanism for HPV susceptibility in the subset of
WHIM patients with problematic warts is not defined and could include defects in antibody
production or dendritic cell function, not only T lymphopenia. In this regard, we have
previously reported the case of a unique patient WHIM patient WHIM-09 who was cured

of WHIM syndrome by chromothriptic deletion of the WHIM allele solely in the myeloid
cell lineage, which included complete regression of her warts in the face of persistence

of the WHIM R334X genotype in all lymphoid cells (33). Our results show that WHIM
CD8* T cells are competent in responding to acute LCMV infection in mice, which we used
because the role of CD8* T cells, the focus of our paper, is particularly well-defined. To our
knowledge, our LCMV challenge is the first acute viral challenge study conducted in WHIM
mice. The normal LCMV-specific response is consistent with the clinical observations in
patients and with our data showing that WHIM patient PBMCs have normal proliferative
responses to mitogens, cytokines, vaccine antigens (Tetanus toxoid) and pathogen antigens
(Candida albicans), consistent with the lack of persistent opportunistic infections in WHIM
patients controlled by T cell immunity (with the exception of HPV) (unpublished data).

The BM is a preferred site for homeostatic proliferation of memory CD8* T cells.
Neutrophils have been reported to be able to capture virus from the dermis, the site of
antigen delivery, and to prime naive CD8" T cells in the BM via resident myeloid antigen-
presenting cells (56). In this regard, we speculate that neutrophil mobilization by AMD3100
may assist with antigen presentation and delivery to BM CD8* T cells, which are abundant
in the WHIM BM, possibly facilitating virus clearance from the host. However, this is
clearly insufficient for an effective anti-HPV response since WHIM patients have not shown
clinically significant wart regression when treated with G-CSF, which selectively mobilizes
neutrophils to the blood. Additional myeloid cell populations are also likely to be involved
in the antiviral response, consistent with wart regression and 100% non-WHIM myeloid
chimerism in WHIM-09 (33). In this patient, it is possible that myeloid cells that lost the
WHIM mutation were able to capture HPV more efficiently and present HPV antigens

to WHIM T cells in the BM to mount an effective immune response for virus clearance.
Furthermore, CXCR4 on CD4" T cells has been reported to provide costimulatory signals
during T cell activation, which may be altered in WHIM syndrome due to defective T
cell:antigen-presenting cell conjugate formation (57-61). Therefore, it is possible that a
combination of fewer circulatory T and antigen-presenting cells and a dampened adaptive
response contributes to the establishment and persistence of HPV in WHIM patients (8, 62).

In conclusion, Cxcr4 gain-of-function mutations in WHIM syndrome result in sequestration
of mature CD8 SP thymocytes and T cells in the thymus and BM, respectively, contributing
to peripheral T cell lymphopenia in WHIM mice. The mechanisms involve prolonged
residence time in the thymus, enhanced homing to BM and accumulation in the BM. Future
work will be necessary to understand the changes in TCR repertoire in WHIM patients and
WHIM mice, and the compartmentalization of leukocytes including CD8" T cells in WHIM
mice during ageing and after infection, both of which dynamically affect the thymus, BM
and intraorgan CXCL12 levels (63-66).
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Key points
. CXCR4 mutation in WHIM patients and mice elevates blood CD4/CD8 T cell
ratios.
. WHIM CD8 T cells accumulate in the thymus and bone marrow of mice.

. T cell lymphopenia in WHIM mice is ameliorated by the CXCR4 antagonist,
AMD3100.
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Figure 1: Severe CD8" T cell lymphopenia in WHIM patients and WHIM model mice.
Circulating T lymphocytes were analyzed at the first visit of WHIM patients to the

NIH, when they were not receiving cell-mobilizing agents and showed no signs of active
infection. A and B) T cell lymphopenia in NIH WHIM patients. Absolute numbers of the
indicated T cell subsets were plotted as a function of patient age at presentation to the

NIH. C) CD4/CD8 ratios in WHIM patients. The ratios were calculated from the source
data in panels A and B. The WHIM patients included 18 females and 12 males, with a
median age of 23.8 years (ranging from neonates to 59 years). Healthy donor (HD) data in
C were derived from 21 female and 16 male NIH blood donors, with a median age of 46
years (ranging from 22-68 years). Upright triangle symbols designate patients who had had
splenectomy and unfilled symbols designate patients carrying the CXCR4 S338X mutation.
The shaded gray areas in the graphs A and B are normal ranges for adults at the NIH
Clinical Center Department of Laboratory Medicine. D) T cell lymphopenia in 5-8 week
old WHIM mice. CD4* and CD8" T cell subset frequency in the CD3* gate (left panel) and
total counts (right panel) in the blood. E) CD4/CDS8 ratios in blood calculated from the data
in panel D. In D and E, mouse Cxcr4 genotypes (+ wild type allele; w, WHIM knockin
allele) are shown on the x-axes, and each dot corresponds to data from one mouse from at
least 8 mice per genotype from 8 independent experiments. Data in panels C-E are the mean
+ SEM. ns, not significant; *, p< 0.05, **, p< 0.01, ***, p< 0.001 and ****, p< 0.0001 as
determined by the two-tailed unpaired t test for C and one-way ANOVA for D and E.
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Figure 2: Accumulation of CD8 SP thymocytes in WHIM mice results from selective increase of
mature CD241°CD8 SP cells.

5-8 week old mice were sacrificed, thymi were harvested, and thymocytes were analyzed
by flow cytometry. A) Thymocyte subset analysis by CD4 and CD8 expression. Summary
data are shown for the absolute numbers of thymocyte subsets. B) CD4/CD8 ratios. C-H) SP
subset analysis by CD24 and TCRp expression. C-E) Analysis of CD4 SP. F-H) Analysis
of CD8 SP. C and F) Representative contour-plots for CD4 and CD8 SP cells, respectively.
Cxcr4 genotypes (+, wild type allele; w, WHIM allele) are indicated at the top of each

plot. ISP, immature CD8 single positive cells (CD24MTCRp!). The subset names and
frequencies are adjacent to each gate. In D and G, the immature single positives (ISPs,
CD24MNTCRp'0), CD24NTCRBN (semi-mature) and CD24'°TCRN (mature) cells were
gated and their absolute counts per thymus are summarized for all mice tested. The ratios of
CD24N/CD24!° cells in the CD4 SP and CD8 SP compartments were also calculated (E and
H). The Cxcr4 genotypes of the mouse groups in A, B, D, E, G and H are indicated on the
x-axes. Each dot corresponds to data from one mouse. Data are summarized as the mean +
SEM of at least 7 mice per genotype from 4 independent experiments. ns, not significant;

*, p< 0.05, **, p< 0.01, *** p< 0.001 and ****, p< 0.0001 as determined by the one-way
ANOVA for all the data sets.
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Figure 3: Accumulation of WHIM CD8 SP thymocytes in the thymus is cell-intrinsic and
associated with prolonged thymic residence.

Approximately 6-week-old male and female CD45.1/.2 +/+ and CD45.2 +/wmice
transgenic for RAG-GFP were sacrificed, and their BM cells were harvested. After T

cell depletion, the +/+ and +/wBM cells were mixed at a 1:1 ratio and injected i.v. into
lethally irradiated CD45.1/.2 +/+ and CD45.1/.2 +/wrecipient mice (not expressing RAG-
GFP). 8-10 weeks after transplantation, thymi were harvested and the proportions of major
thymocyte subsets were quantified by FACS analysis for the subsets indicated above each
graph in A-D. E) CD4/CD8 SP ratios. Ratios were calculated from data in panels C and D.
In A-E, the Cxcr4 genotypes for the donor-derived thymocytes and host groups are indicated
in the insets and on the x-axes, respectively. F) +/+/ to +/w SP ratios for the SP cells and
host groups indicated on the x-axis. G and H) The WHIM mutation promotes accumulation
of mature CD24°CD8 SP donor cells in the thymus. G) Representative contour-plots for
the CD24 and TCRp staining of CD8 SP cells. The recipient and donor Cxcr4 genotypes
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(+, wild type Cxcr4; w, WHIM allele) are designated for each graph column and row,
respectively; ISP, immature single positive cells (CD24MTCRp!?). The subset names and
frequencies are adjacent to each gate. H) Summary data for ISPs, CD24" and CD24!° CD8
SP subsets, respectively. The Cxcr4 genotypes of the donor cells are given in the legend on
the right. 1 and J) Prolonged thymic residence time of mature +/wCD24/°CD8 SPs. The
proportions of RAG-GFP-positive CD4 and CD8 SP TCRB* thymocytes were quantified
in 1. The Cxcr4 genotypes of the donor cells are given in the inset. J) Donor +/+ to +/w
ratios of the geometric mean fluorescence intensity (MFI) of RAG-GFP expression for the
SP subsets and hosts indicated on the x-axis. Data are summarized as the mean = SEM of
16 mice per genotype from 7 independent experiments. *, p< 0.05, **** p< 0.01, ***, p<
0.001 and ****, p< 0.0001, as determined by multiple t-tests for panels D, E and H, and the
one-way ANOVA for panels F and J.
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Figure 4: Enhanced CXCL12-mediated chemotactic responses by CD8 SP thymocytes from
WHIM model mice.

6-8 weeks-old male and female +/+ and +/wmice were sacrificed, and their thymi were
harvested. A) Cell-surface CXCR4 expression on TCRB* SP thymocytes from the mouse
genotypes indicated in the inset (+, wild type Cxcr4; w, WHIM allele). Bars represent mean
+ SD CXCR4 median fluorescence intensity (MFI) of 3 mice (white symbols) analyzed in
duplicate. Data are from one experiment representative of 4 independent experiments and
analyzed by multiple t-test. B and C) CXCL12-induced chemotaxis of SP thymocytes. After
processing the thymi of +/+ and +/wmice, CD4 and CD8 SP thymocytes were isolated by
magnetic-activated cell sorting, and then were differentially stained with green and violet
calcein AM before pooling the 4 SP populations together. Chemotactic responses of this

SP pool to increasing doses of mouse CXCL12 (x-axes) were tested in transwell assays

and migrated cells were counted and analyzed by FACS. B) Total number of migrating

SP cells. C) Chemotaxis index for each SP subset. The Cxcr4 genotype (+, wild type; w,
WHIM allele) code for A and C is indicated in the inset. In B and C, data are the mean +
SEM of 3 independent experiments analyzed in quadruplicates. *, p<0.05; ***, p< 0.001, as
determined by two-way ANOVA for the CD8 SP +/w vs CD8 SP +/+ comparison.
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Figure 5: WHIM CXCR4 enhances T cell residence in the BM.
A) Higher T cell content in the BM of +/wmice. 5-8 weeks-old +/+ and +/wmice were

sacrificed, their BM, spleen and mesenteric lymph node (mLN) were harvested and the
organs were processed to quantify the T cell content. For panel A, data from 4 independent
experiments consisting of at least 8 mice/genotype are summarized. The Cxcr4 genotypes of
the mice are given on the x-axes of the graphs. (B and C) +/w CXCR4 enhances T cell entry
into the BM. B) Experimental protocol for quantification of T cell homing index. CD45
isoform-marked cells from spleen, mLN and iLN of 8-12 weeks-old +/+ and +/wmice were
harvested and processed. The +/+ and +/w cells were mixed in a ratio of 1:1 and injected

i.v. into CD45.1/.2 +/+ and +/wmice. After 24 h of adoptive transfer, organs in the host
mice were harvested to quantify the donor T cell content. (C) Homing capacity of +/wT
cells. The samples indicated on the top of each panel were harvested and stained to quantify
the T cell content. The Cxcr4 genotypes of the recipient mice are given on the x-axis of
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each panel. Data are summarized as the mean + SEM of 8-9 mice per genotype from 3
independent experiments. (D-1) +/wCD8* T cells accumulate in the BM in a cell-intrinsic
manner. T-cell depleted CD45.1/.2 +/+ and CD45.2 +/wBM expressing RAG-GFP were
mixed in a ratio of 1:1 and injected i.v. into lethally irradiated CD45.1/.2 +/+ and +/w
recipient mice (not expressing RAG-GFP). After 8-10 weeks of BM reconstitution, the
femurs and tibias were harvested and T cells in the BM were studied. Total donor CD4* (D)
and CD8* (E) T cells were quantified as percentages of total CD45" cells, which were then
used to calculate donor-specific CD4/CD8 ratios (F). The RAG-GFP* cells among donor
CD4* T cells (G) and donor CD8" T cells (H) were also quantified as a percentage of
CD4* and CD8* cells, respectively, which were then used to calculate the corresponding
CD4/CD8 ratios (I). The Cxcr4 genotypes of the recipient mice are indicated on the x-axes.
The Cxcr4 genotypes of the donor-derived T cells are given in the legends on the right side
of panels F and I. Data are summarized as the mean £ SEM of 16 mice per genotype from
7 independent experiments. ns: not significant, *, p< 0.05, **, p< 0.01 and *** p< 0.001,
**** p< 0.0001 as determined by the one-way ANOVA for A and C and two-way ANOVA
for D-1.
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Figure 6: WHIM CD8" T cells undergo normal activation and differentiation in response to
acute LCMV infection.
+/+ and +/wmice were infected i.p. with 2 x 10° plaque forming units/mouse of LCMV

(Armstrong strain). On day 8 after infection, infected and uninfected mice were sacrificed,
and their splenocytes were analyzed by FACS. (A and B) Total splenic cellularity and CD8*
T cell numbers. The Cxcr4 genotypes and infection status are indicated on the x-axes. +,
wild type; w, WHIM; Ul, uninfected; IN, infected. (C) Viral burden. The viral burdens in
sera on days 4 and 8 post infection were quantified by RT-PCR for the conditions indicated
on the x-axis. (D and E) Differentiation. (D) LCMV peptide GP33 tetramer-specific CD8*
T cells were gated to quantify the (E) SLEC (short lived effector cells, KLRG1NCD127/
IL-7Ra!%) and MPEC (memory precursor effector cells, KLRG1!°CD127/IL-7Ra") subsets.
(F and G) Activation. The proportions of LCMV-specific CD8" T cells expressing the
factors shown at the top of each panel were quantitated by intracellular staining. (G)
Cytokines were measured after /n vitro stimulation of GP33*CD44™ splenocytes. The Cxcr4
genotypes of the mouse groups are shown as insets in A and B and on the x-axes for C-G.

+, wild type; w, WHIM allele. Data are summarized as the mean + SEM of at least 8 mice
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per genotype from 3-4 independent experiments. ns: not significant, *, p< 0.05, ***, p<
0.001 and ****, p< 0.0001 as determined by the two-tailed unpaired t test for A-D, E (left
panel), F and G (right most panel) and Mann Whitney test for E (right panel) and G (first
two panels).
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Figure 7: Inhibition of CXCR4 with the antagonist AMD3100 corrects T cell lymphopenia and
normalizes the CD4/CD8 ratio in the blood of WHIM mice.

Naive +/+ and +/wmice were administered either PBS or 10 mg/kg of AMD3100 via

the i.p. route. 2.5 h after injection, blood samples were collected and analyzed. (A) Total
leukocyte count. (B) Absolute CD4* and CD8* T cell counts. (C) CD4/CD8 ratios. The
Cxcr4 genotype (+, wild type; w;, WHIM allele) code for all panels is shown as insets of the
graphs. Data are summarized as the mean + SEM of at least 10 mice per genotype from 10
independent experiments. ns: not significant, ****, p< 0.0001 as determined by the multiple

t-test.
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compared to +/w littermates (x 108 cells + SEM) and on the abundance of +/w cells relative to +/+ cells in
reconstituted +/+ and +/w hosts. Significant differences between +/+ (not underlined) and #4v (underlined) are
marked in bold.

Cell populations

Naive mice

(# x 10% in +/+ mice vs. +/w mice)

Transplanted mice

+/+ hosts +/w hosts
(% donor cells) (% donor cells)

Blood CD4* T cells 1.92+0.2vs.1.13+0.1 20.54+1.2vs.28.64+3.0 | 18.04+1.9vs.22.88+3.3

CD8* T cells 1.1+0.1vs.0.41 8.78+0.6vs.6.8+0.6 7.14+0.7vs.5.38+0.7

CD4/CD8 1.74+0.1vs.2.97+0.2 2.45%0.2vs.4.23+0.3 2.56+0.1vs.4.38+0.4

Thymus CD4 SP 8.39+0.9vs.11.01+0.6 8.3740.3vs.9.3+0.5 8.16+0.3vs.9.51+0.6

CD8 SP 3.3340.2vs.4.5+0.3 1.33+0.7vs.1.87+0.1 1.26£0.1vs.2.08+0.2

CD4/CD8 SP 2.7340.1vs.2.18+0.1 6.38+0.4vs.5.13+0.3 6.83+0.4v5.4.91+0.3

CD24NCD4SP 7.81+0.8vs.8.82+0.5 88.93+0.4vs.87.55+0.7 87.15+0.6vs.84+0.8
CD24'°CD4SP 0.96+0.2vs.1.27+0.1 9.37£0.5vs.10.9+0.6 11.01+0.7vs.14.13+0.9
CD24hcD8sP 1.65+0.1vs.1.3640.2 48.21+1.4vs.39.75+1.9 | 46.5+1.5vs.36.75+1.2
CD24'°CD8SP 1.59+0.1vs.2.36+0.2 25.86+1.2vs.37.77+1.4 | 28.06+0.8vs.44.25+0.9

Spleen CD4* T cells 17.55+1.4vs.8.21+0.4 28.23+0.9vs.27.07+1.5 | 28.1+0.8vs.24.36+1.4

CDS8* T cells 10.09+1.2vs.3.01+0.2 9.2240.3vs.9.16+0.5 8.62+0.2vs.6.82+0.3

CD4/CD8 1.79+0.1vs.2.78+0.1 3.09+0.1vs.3.03+0.2 3.2840.1vs.3.57+0.1

BM CD4* T cells 0.11vs.0.233 1.79+0.1vs.1.95+0.2 2.4240.1vs.2.01+0.2

CD8* T cells 0.2vs.0.42 1.52+0.1vs.3.93+0.3 2.6940.2vs.3.38+0.4

CD4/CD8 0.62vs.0.55 1.21vs.0.46 0.95+0.1vs.0.63

mLN CD4* T cells 5.41+0.8vs.5.40+0.5 42.10+1.0vs.31.16£1.5 | 43.82+0.9vs.35.23+1.2
CD8* T cells 3.12+0.5vs.2.19+0.3 18.51+0.5v5.11.4+0.8 | 16.66%0.3vs.10.55+0.4

CD4/CD8 1.69vs.2.53+0.1 2.29+0.1vs.2.84+0.2 2.64+0.1vs.3.38+0.1
iLN CD4* T cells 1.59vs.1.29+0.1 45.48+1.8vs.50.09+2.4 | 44.94+1.5vs.50.32+2.0
CD8* T cells 0.93+0.1vs.0.44 20.18+0.9vs.15.61+0.9 | 20.74+0.7vs.14.74+0.6

CD4/CD8 1.69+0.1vs.2.98+0.1 2.3+0.1vs.3.35+0.2 2.18+0.1vs.3.47+0.2
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