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SUMMARY

Inborn errors of immunity (IEI), as congenital chronic disorders, are often associated with neurobehavioral
symptoms, traditionally considered secondary to patient burden. Their origin, however, has yet to be ad-
dressed. Here, we found that |IEl-associated genes are expressed in neural lineages during human brain
development, and in the absence of immunological challenges, IEI mutations directly impair neurodevelop-
mental trajectories, leading to psychomotor defects. Warts hypogammaglobulinemia immunodeficiency
myelokathexis (WHIM) mice—bearing a mutation causing Cxcr4 hyperactivation—show developmental foli-
ation defects of the cerebellum correlating with sensorimotor and affective dysfunctions, which recapitulate
the alterations described in patients. WHIM cerebella single-cell profiling revealed major transcriptional
deregulation in granule cell progenitors, whose aberrant proliferation and migration induce foliation and cir-
cuit defects. AMD3100 intracerebroventricular injection rescues both morphological and behavioral defects,
demonstrating their brain-specific and Cxcr4-dependent origin. Collectively, our findings highlight the rele-
vance of neurodevelopmental implications underlying psychomotor IEI manifestations, broadening our un-
derstanding of these conditions beyond immune dysfunctions.

INTRODUCTION Inborn errors of immunity (IEl) are genetic disorders charac-

terized by partial or complete dysfunction of components of

Interactions between the nervous and immune systems are
reciprocal, tightly controlled, and vital for maintaining physiolog-
ical homeostasis."? A growing body of evidence highlights the
immune system’s influence on brain development and function
under normal conditions,® while disruptions in neuroimmune
communication contribute to arange of disorders, including neu-
rodevelopmental,”® psychiatric,”®'%"" and neurodegenerative
diseases.'>'® Furthermore, individuals with chronic inflamma-
tory conditions such as inflammatory bowel disease,'®'” psori-
asis,"'®"? and rheumatoid arthritis,**>° frequently exhibit comor-
bid anxiety and depression—symptoms often regarded as
secondary to their underlying immune dysfunction.

the immune system.?*~?° These patients experience heightened
susceptibility to infections and malignancies, often alongside
complex comorbidities.?”?® Importantly, IEI patients also exhi-
bit a higher prevalence of neuropsychiatric symptoms, particu-
larly anxiety and depression.?®*°*? Whether these manifesta-
tions arise as indirect consequences of chronic immune
dysregulation or result directly from the underlying genetic mu-
tations affecting brain development remains unresolved, largely
due to challenges in modeling and limited cross-disciplinary
research.

Among IEl, warts hypogammaglobulinemia immunodeficiency
myelokathexis (WHIM) syndrome is characterized by recurrent
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infections, osteoporosis, and cardiac defects.***° A recent neu-
roimaging and neuropsychiatric assessment of a small cohort of
WHIM patients reported subtle yet consistent deficits in motor co-
ordination, including fine and gross motor dysfunction and ataxia,
along with anxiety, depression, and social withdrawal.*® Notably,
magnetic resonance imaging (MRI) revealed atypical cerebellar
foliation in 66% of cases, particularly affecting the inferior hemi-
spheres, with abnormal laminar orientation.*° While these obser-
vations suggest cerebellar involvement in WHIM pathology, a
mechanistic connection has yet to be established.

WHIM syndrome is caused by autosomal dominant mutations
in the CXC chemokine receptor 4 (CXCR4), specifically within the
gene’s C-terminal cytoplasmic domain (OMIM: #193670).5>*
CXCR4 is uniquely activated by its ligand CXC chemokine ligand
12 (CXCL12),"? and upon binding, undergoes conformational
changes that initiate downstream signaling cascades regulating
cell migration and proliferation. Under normal conditions, p-ar-
restin-mediated receptor internalization ensures controlled
CXCR4 signaling.*® In WHIM syndrome this internalization is
impaired, leading to prolonged receptor exposure on the cell sur-
face, named CXCR4 hyperactivation,*“? and causing retention
defects in hematopoietic stem cells*' as well as mature neutro-
phils in the bone marrow.*®

Current therapies for WHIM syndrome are broad and costly,
highlighting a pressing medical need. Phase lll trials of Plerixafor
(AMD3100), a CXCR4 antagonist, have shown efficacy in
increasing circulating leukocyte subsets.***® However, these
trials have only included individuals over 10 years of age, despite
evidence that WHIM symptoms are present from birth, and the
potential benefits of early intervention, particularly for non-im-
mune manifestations, remain unknown.

In this study, we reveal a neurodevelopmental origin for the
psychomotor deficits associated with |IEl, decoupling these phe-
notypes from systemic immune dysfunction. We show that IEI-
linked genes are actively expressed in cerebellar neural lineages
during early brain development. By leveraging a WHIM mouse
model, we demonstrate that Cxcr4 hyperactivation directly im-
pairs cerebellar cytoarchitecture, triggering long-lasting behav-
ioral and functional defects that mirror clinical observations.
Finally, we show that early intracerebroventricular administration
of Plerixafor rescues both structural and behavioral deficits in
WHIM mice, establishing a direct link between brain-intrinsic
Cxcr4 dysfunction and neurobehavioral symptoms.

RESULTS

IEl-associated genes display time- and region-specific
expression patterns in human developing brain

IEl patients experience early-onset impairments extending
beyond immune system dysfunction.*” While numerous neuro-
logical alterations have been associated with IEI,****7°° there
remains a lack of comprehensive understanding regarding their
extent. By leveraging a validated classification of |El-associated
genes,”’*® we compiled a list of 517 IEI conditions, their 446
causative genes (presenting distinctive pathological variants),
and associated clinical features—including a detailed descrip-
tion of the reported neurological symptoms where available
(Table S1). This approach enabled us to systematically map
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the frequency and range of neural deficits associated with IEI
We found that 41.6% of |IEl was associated with, among others,
intellectual disability,’~>° neurodevelopmental delay and micr-
ocephaly,®°® anxiety®’*° and recurrent encephalopathies,
even without evident manifestation of viral infections®'~%
(Figure 1A), suggesting that IEI genes can impact neurodevel-
opment. We therefore sought to investigate the expression of
IEI genes in the human brain by taking advantage of the
BrainSpan dataset,®® a comprehensive resource that provides
gene expression patterns across different brain regions and
developmental stages. By performing hierarchical clustering
of IEl genes (444/446 causative genes were present in the data-
set, Figure S1A), we identified three gene subsets exhibiting a
time-specific expression pattern of IEl genes (Figures 1B and
S1A) in all the region analyzed. Interestingly, one subset is en-
riched during prenatal and early infancy stages (early); another
one peaks during late infancy (mid); the last one is enriched
from childhood through adulthood (late) (Figures 1B and S1A;
Table S2). Among the different brain regions, the cerebellum
(CB) and thalamus (TH) exhibited the highest expression of
IEI genes. The number of IElI genes enriched in the CB was
more than twice that observed in the TH (Figures 1C, S1A,
and S1B), suggesting that the CB may be particularly vulner-
able to the effects of IEI mutations.

Therefore, we took advantage of a recently published human
cerebellar single-nuclei RNA sequencing dataset®® to investigate
the expression pattern of IEl genes at single-cell resolution. We
analyzed 143,390 nuclei derived from healthy donor cerebella
across 9 developmental stages from 7 post-conceptional weeks
(pcw) to toddler stages (2.8-3.5 years old) and examined the
expression of IEI genes (Figures 1D-1F and S1C-S1E). The sin-
gle-nuclei analysis confirmed cellular heterogeneity across time
points and lineages (Figures 1E and 1F) during human cerebellar-
maturation.®”~’° 86% of the IEl-associated genes were ex-
pressed in this dataset with specific expression dynamics
(Table S2): 23% belong to the BrainSpan CB cluster, 22% to
the early cluster, 22% to the mid cluster, 8% to the TH cluster,
and 7% to the late cluster. This result further confirms the previ-
ously observed enrichment in early, mid, and CB clusters. IEI
genes showed expression in immune cell types resident in the
parenchyma and circulating in brain vessels (Figures 1G, 40
most variable genes and S1F). However, only a small fraction
was exclusive of the immune lineage (e.g., PTPRC and IKZF1),
and we detected IEl genes in neural cells (Figure 1G). We ide-
ntified genes with known expression and role in brain deve-
lopment and maturation, such as nuclear factor kappa B subunit
1 (NFKBT1),”""> B cell lymphoma/leukemia transcription
factor 11B (BCL11B)"*"®> and CXC chemokine receptor 4
(CXCR4),”"" associated with NfkB1-deficiency, Bcl11b defi-
ciency and WHIM syndrome, respectively, which present neuro-
logical symptoms (Tables S1 and S2). Interestingly, several IEI
genes (25 genes, e.g., BCL11B, PRKDC, and CARD11B) are
also present in the Simons Foundation Autism Research Initiative
(SFARI) database and present high confidence scores’®
(Table S2), highlighting how they are implicated in neurodevelop-
mental disorders. Overall, this pattern suggests a broader role
for IEl-associated genes in different cell types of the human
developing brain.
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|IEl-associated genes display time- and region-specific expression patterns in human developing brain

(A) Alluvial plot showing the percentage of IEl with neurological symptoms across the clinical major |El categories.

(B) Schematics of human developmental time points and line plots of average scaled expression of genes showing time-specific expression patterns (early, 85
genes, p < 2e—16; mid, 106 genes, p = 9.1e—10; late, 38 genes, p = 6.56e—9).

(C) Schematic of human brain sections showing tissue localization and line plots of average scaled expression of genes showing tissue-specific expression

patterns (CB, 98 genes, p = 5.28e—12; TH, 39 genes, p = 2.33e—11).

(D) UMAP colored by cell type of single nuclei derived from healthy donor cerebella.®®

(E and F) UMAP showing single nuclei colored by developmental stage and li
(G) Dot plot showing subtype-specific expression of selected IEI genes.
* indicates genes present in SFARI database.

Magnetic resonance imaging reveals selective
alterations in cerebellar architecture of WHIM mice
To investigate how IEI genetic alterations could impact brain as-
sembly, we leveraged the well-established mouse model
harboring the WHIM-linked heterozygous CXCR45%%8X mutation
(Cxcr4*'79%3 or WHIM), which has been extensively employed to
characterize immune and skeletal defects,3%°6:98:39.79-82

Given the structural alterations observed in WHIM patients,40
we performed MRI on post-natal day (P) 45 WHIM and control
brains (Figures 2A and S2A). Ex vivo MRI voxel-wise analysis re-
vealed structural alterations selectively in WHIM cerebellum
(Figures 2A and S2A; Tables S3 and S4). The most pronounced
defects were found in the vermis, where we observed a signifi-
cant volume increase along the primary fissure (fpr), separating
LIV-V and LVI, and a significant decrease along the preculminary
fissure (fpc), separating LIV-V and LIl (Figures 2A and S2A). The
white matter arbor vitae’s branch length, composed by cere-
bellar afferent and efferent projections, was reduced in LIl and
LIX (Figure 2B), suggesting changes in pathways conveying
sensorimotor information to/from the cerebellum in Cxcr4*/7973
animals.

2638 Neuron 713, 2636-2655, August 20, 2025
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We then evaluated the cerebellar cytoarchitecture by Nissl
staining in P45 animals. When measuring the length of the Pur-
kinje cell layer (PCL), defined by Purkinje cells (PCs) arranged
in a row along cerebellar lobules,®” we observed a reduction
in WHIM cerebella in LI, LVIII and LIX at the vermis level
(Figures 2C and S2B). We also evaluated the PCL in the hemi-
spheres at different interaural planes, and found a significant
reduction in several lobules, including the paramedian lobule
(PML, Figures 2C and S2B). Notably, the PML in rodents is
thought to anatomically match the human gracile lobule,®® which
is the most altered cerebellar region in WHIM patients.*°

These data collectively support the presence of regional cere-
bellar abnormalities and selective lobulation defects in WHIM
mice, closely resembling those reported in WHIM patients.

WHIM mutants display early-onset behavioral
alterations with enduring effect on anxiety-related
phenotype

We therefore investigated whether the aberrant morphological
defects in WHIM mutants could lead to altered behaviors. First,
we evaluated the activity of WHIM mice in the open-field arena
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Figure 2. WHIM mutants display cerebellar morphological alterations and anxiety-like behavioral phenotypes
(A) Voxel-wise comparison of cerebellar brain volumes showing gross morphological abnormalities in P45 WHIM mice. Red: WHIM larger than controls; blue:
WHIM smaller than controls; black contours: regions where FWE-corrected *p < 0.05; n > 9 animals/condition.
(B) 2D skeleton analysis of white matter arbor vitae. *p < 0.01; n > 9 animals/condition.
(C) Schematic of mouse dorsal cerebellum. Bar plots and sagittal cerebellar sections at different interaural levels in the vermis and hemisphere. Multiple t test,
*p < 0.05, *p < 0.01; n > 4 animals/condition.
(D) Boxplots showing the time WHIM mice spend in arena and the number of vertical counts. Student’s t test, **p < 0.01; n = 16 animals/condition.
(E) Line plot indicating the latency to fall (s) from the accelerating rotarod. Two-way ANOVA, “p < 0.05; n = 11 animals/condition.
(F) Boxplots showing the number of transitions, the ratio between time in the dark chamber and number of transitions. Student’s t test, *o < 0.05, **p <0.01;n =16

animals/condition.

(G) Boxplot indicating the immobility time (s). Student’s t test, **p < 0.01; n = 16 animals/condition.

(legend continued on next page)

Neuron 713, 2636-2655, August 20, 2025 2639




¢? CellPress

OPEN ACCESS

(Figure 2D). They displayed increased thigmotaxis (tendency to
remain close the walls, Figure 2D) and showed a significant in-
crease of the ambulatory time in the periphery (Figure S2C), while
reducing the resting time in the center (Figure S2C). They ex-
hibited a lower number of vertical counts (Figure 2D) and traveled
areduced distance and at a lower speed compared with controls
(Figure S2C).

To specifically assess whether Cxcr4*/7°® mice displayed an
altered motor phenotype, we performed the accelerating rotarod
test. We observed no significant difference in the latency to fall be-
tween WHIM and control mice (Figures 2E and S2D), indicating
that the defective activity shown by Cxcr4*/'°"3 animals in the
open field does not result from motor defects, and suggesting
the presence of an anxiety-like phenotype. Indeed, Cxcr4*/10"3
mice displayed reduced exploratory behavior in the dark-light
chamber test, as indicated by the reduced number of transitions
between the chambers and by the increased time spent in the
dark chamber (Figure 2F). Furthermore, in the forced swim test,
they showed decreased immobility time (Figure 2G), suggesting
dysfunctional coping strategies associated to anxiety.®* No differ-
ences were found in the self-grooming test (Figure S2E); however,
a significant increase in marble-burying activity was observed
(Figure 2H). Overall, these data indicate the presence of an anxi-
ety-like behavior in Cxcr4*/1%3 mice.

To understand the impact of Cxcr4 hyperactivation on sensory
and motor development, we leveraged a standardized battery of
tests adapted from the Fox scale®® (Figures 21-2M and S3).
WHIM pups exhibited lower weight from P7 onward compared
with control littermates (Figure 2J). They showed no locomotor def-
icits in the ambulation (Figure S3B) and air righting (Figure S3E)
tests. However, they exhibited transient significance difference in
the open-field traversal (Figure S3C) and surface righting tests
(Figure S3D). Moreover, WHIM pups displayed impaired behavior
in the forelimb grasp test (Figure 2K), suggesting a delay in
neuromuscular development. Their slower motor response to a
vestibular cue of gravity, measured in the negative geotaxis
test,®® confirmed impairments in coordination and directionality
(Figure 2L). Additionally, a delay in the response to sensory and
auditory stimuli was found in the ear twitch (Figure S3F) and audi-
tory startle tests (Figure S3G). Similarly, the cliff aversion test, eval-
uating the integration of motor outputs driven by sensory stimuli,
revealed a defective response of WHIM pups (Figure 2M). In sum-
mary, our findings indicate that Cxcr4*/7°’® pups follow atypical
trajectories of physical, sensory, and motor development.

Overall, our analysis indicates that WHIM mice exhibit an anx-
iety-like phenotype, resembling those reported in WHIM pa-
tients.“® Our results also suggest that Cxcr4 hyperactivation dis-
rupts the development of emerging circuits, leading to deficits in
motor coordination and sensory integration during early post-
natal development. These findings provide new insights into
the role of Cxcr4 in neurodevelopmental disorders.

Neuron

WHIM cerebellar architecture impairment originates at
early prenatal stages

Cerebellar neuronal circuits, critical to the proper execution of
complex functions,®”®° emerge from a prolonged post-natal
neurogenesis and highly coordinated migration processes.*”
We sought then to investigate whether the lobulation defects
observed in WHIM mutants reflect early alterations in cerebellar
assembly. We measured the length of cerebellar fissures,
demarcating different lobules,”® at the vermis level in adult
(P45), early post-natal (P7), and newborn (P0O) cerebella
(Figure 3A). At each stage, we observed consistent gross
morphology alterations, with a significantly decreased length in
the fpc, fpr, and secondary fissure (fsec, separating LVIII from
LIX) of WHIM mice compared with littermates (Figures 3B and
S4A), indicating that Cxcr4 mutation severely affects cerebellar
architecture.

In the developing cerebellum, the external granule layer (EGL)
and the inner core region exhibit different growth rates, leading
to different cellular densities. This process drives the formation of
anchoring centers (ACs) and subsequent fissure elongation.®' To
gain insights into the mechanisms underlying abnormal cerebellar
foliation,??® we evaluated the proper differential expansion of EGL
and core in WHIM mutants. We used the bona fide marker Pax6 to
assess the density and number of granule cell progenitors (GCPs)
and granule cells (GCs) in Cxcr4*/'°"% cerebellum. We found that
Pax6* cell density significantly increased in WHIM cerebellum
before foliation occurs (E16.5, E17.5; Figures 3C-3E), while the to-
talnumber remained unaltered (Figure S4B). Remarkably, atE17.5,
this variation can be attributed to an increased density of Pax6*
cells in the core cerebellar region (Figures 3F and S4C). Our results
align with a previously proposed surface wrinkling model interpret-
ing folding dynamics in the developing cerebellum, suggesting that
a differential expansion occurs between the EGL and the core.”"
We therefore exploited a mathematical model used for soft bilayer
materials® to interpret morphometric data from cerebellar sec-
tions at E17.5 and PO and describe the evolution of wrinkling insta-
bility (Figure 3G). At E17.5, anincrease in cell density in the core re-
duces the amplitude of the nascent folia (Figure 3H), which
originates from a reduced stiffness ratio between the EGL and
the core (Figures 3l and S4D). No differences in Pax6* cell density
(Figures 3C and 3E) nor in the wrinkling analysis (Figure S4E) were
observed at PO, despite the evident morphological changes
(Figures 3A and 3C). These mechanical alterations result in the
affected folding pattern observed in WHIM mutants and under-
score the critical prenatal dynamics of GCPs behavior.

Single-cell sequencing analysis reveals hyperactive
Cxcr4 signaling in cerebellar precursors

To investigate the cellular and molecular underpinnings involved
in the abnormal foliation observed in Cxcr4*/"°"% mice, we per-
formed single-cell RNA sequencing on micro dissected lobules

(H) Bar plot indicating the percentage of beads buried. Student’s t test, *p < 0.05; n > 6 animals/condition.

() Schematics of the experimental plan.

(J) Line plot showing body weight from PO to P45. Multiple t test, “o < 0.05, **p < 0.01; n > 17 animals/condition.

(K) Line plot showing the time pups gripped the stick. Multiple t test, *p < 0.05; n > 14 animals/condition.

(L) Boxplot quantifying the time pups take to turn and face upward. Multiple t test, *p < 0.05; n > 30 animals/condition.

(M) Bar plot showing the percentage of pups that turn away from the cliff. Multiple t test, **p < 0.01; n > 30 animals/condition.

2640 Neuron 113, 2636-2655, August 20, 2025



Neuron

++

+/1013

+/1013

IV ventricle

ChP

IV ventricle
ChP

ChP
IV ventricle

¢? CellPress

OPEN ACCESS

— . o+
fpr E * oz O+1013
fpc \ = &8 *
fprc/\ _fppd 'g‘, 1.5 Ei —;
AN ___fsec @ 1. 1 a8 N
N\ e 5575 o | [T s
ol 2 05 atad F°
&
forc  foc  fpr  fppd  fsec  fpl
1.5
€ *% *
fpr £ s
fpc fopd s ™ - g *
PP B
fprc \\\ 7 fsec E’ i E
® 054 ~
= £ 057 nings | | 8
fpl 2 Al g
2 5
fp'rc lﬁc l;'ar fp'pd fsec
250+ *
€ 2004 *k i
fi Cfpr e s L] *
fprc?\ | :fppd B 1501 2 oo I
—fsec & o0l fH[E] BB £
f ® C] . &
ol 5 fo -
3 50 i 22 & g
2 @
fpre fpc for fopd  fsec fpl
E17.5 E17.5
m+/+ [J+/1013
15000 10000 o++
Midbrain oL . * N 0+/1013
- £ 12000- _ £ 8000 @& p2g
£ 5 .
ol ?)) 9000{ * ?g 6000- o
AC
| & 6000) = & 4000 o
IV ventricle b 3000 - e i 200 . E
2
ChP.
E165 E175 PO EGL  core
G /a-.
EGLﬂ H E17.5 I E17.5
Core 4+ [+1013 _% 14 .
AC ; 12
EEGL >> ECore T2 § ==
2 £ 1 |F
+1013 @ 15 %
3 gos
a 10 T og
£ 0.6 Es
< E ‘
5 204
0.02 0.04 0.06 0.08 0.1 X Q(b
EEGL = ECore Strain S

Figure 3. Cerebellar architecture impairment of WHIM mutants originates in early prenatal stages
(A) Representative sagittal Niss| sections of Cxcr4*/'%"® and control animals at P45, P7, and P0. Scale bar P45, 500 um; scale bar crop, 120 um; scale bar P7 and

PO, 200 pm; scale bar crop, 50 pm.

(B) Schematic of mouse sagittal cerebellar sections at P45, P7, and PO indicating fissure names and bar plots showing fissure length. Multiple t test, *p < 0.05,

**p < 0.01; n > 3 animals/condition.

(C) Representative sections of Cxcr4*/7%"% and control cerebella at E16.5, E17.5, and PO stained with anti-Pax6 antibody. Scale bar, 200 pm; scale bar

crop, 50 pm.
D) Schematic of E17.5 cerebellum, highlighting the EGL, core, AC.

E) Dot plot showing the number of Pax6* cells/mm? at E16.5, E17.5, and P0O. Multiple t test, *o < 0.05; n > 3 animals/condition.

G) Schematic of E17.5 cerebellar foliation process.

H) Decreased folding amplitude at E17.5, modeled employing a low deformation wrinkling model (solid lines).

(
(
(F) Bar plot showing the number of Pax6* cells/mm? in the core and EGL at E17.5. Multiple t test, *p < 0.05; n > 3 animals/condition.
(
(
(

1) Boxplot showing a decreased normalized stiffness ratio in WHIM cerebellum at E17.5. Student t test, *p < 0.05; n > 3 animals/condition.

LIlI-VI-V from PO Cxcr4*/7°’3 and controls (Figure 4A). By profiling
10,742 cells, proportionally distributed between genotypes
(Figures S5A-S5C), we carried out unsupervised clustering, which
revealed 26 clusters assigned to 19 distinct cell types (Figures 4B
and S5A-S5C). In line with recently published datasets,®® granule
progenitors (GPC, markers: Top2a, Mki67, and Cxcr4), bipotent
progenitors (BPs, markers: Glis3, Sox2, and Pax3), gliogenic pre-
cursors (GPs, markers: Tnc, Slc4a4, Apoe, and Aldh1/1) and epen-
dymal precursors (epy, markers: Spag17, Foxj1, and Tmem212)

were identified. We depicted distinct excitatory cerebellar
neuronal types, including unipolar brush cells (UBCs, enriched
for Kirrel3, Eomes, Lmx1a) and GCs (expressing Reln, Neurod1,
Eps8, St18). Molecularly distinct subpopulations of GC precursors
(GCP-A Top2a* and GCP-B Mfap4*) and GCs (GCI Neurod1+ and
GCll Cadps2*) were found. As for inhibitory cell types, we identified
PCs (marked by Pcp2, Calb1) and interneurons (INs, Gad1/2, Pax2,
Sic6ab), including a somatostatin (Sst)-expressing IN subset.
Neuronal populations of the isthmus, a boundary region between
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Figure 4. Single-cell sequencing of developing cerebellar lobules revealed hyperactive Cxcr4 signaling of GC precursors inducing aberrant

migration
(A) Experimental plan.

(B) Sequencing Uniform Manifold Approximation and Projection (UMAP) of control and Cxci

(C) Feature and dot plots showing Cxcr4 expression among cell types.

r4*/1973 cerebella colored by cell type.

(D) Bar plot showing the number of deregulated genes in WHIM mutants colored by cell type. MAST, *p < 0.05, average log. fold change > 0.1.

(E) Heatmap showing the scaled expression of representative top deregulated genes.

(F) Upset plot showing the degree of overlap between upregulated and downregulated genes in progenitors.

(G and H) (G) Dot plots of selected deregulated canonical pathways and biological functions in cerebellar precursors and (H) in gliogenic progenitors.

(I) Representative immunofluorescence staining of P7 cerebellum showing the orientation of BLBP* fibers (red), and boxplots indicating the number of processes/
100 pm and the angle of processes at the AC. Student t test, *p < 0.05; n > 3 animals/condition. Scale bar, 50 um; scale bar crop, 25 pm.

the cerebellum and midbrain (isthmic neurons, isth-N, enriched in
Lhx9, Otx2 and Asic4) and GABAergic neurons of the deep cere-
bellar nuclei (y-aminobutyric acid [GABA] DN, enriched in Sox14,
Gad1/2) were also identified. Non-neuronal cell populations and
mesoderm-derived cell types, including microglial cells (Cx3cr1,
Trem?2), vascular cells (Cldn5, Fit1, Cdh5, and Pecam1), meningeal
endothelium (Cxcl12 and Vtn), and mesenchymal cells (Col1af,
Col3at, and Dcn) were captured.

We outlined Cxcr4 expression and confirmed it in GCPs, GPs,
BPs, microglial cells, and epy (Figure 4C). By performing differ-
ential gene expression analysis (Figures 4D and 4E), we discov-
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ered a significant difference in the transcriptional footprints of
both neuronal and glia progenitors (Table S5), coupled with alter-
ations of neuronal molecular signatures. GCPs exhibited the
highest number of differentially expressed genes (DEGs); in
contrast, isth-N, GABA-DN and non-neural cell types, including
microglia, albeit less abundant, displayed negligible or no tran-
scriptional changes in WHIM cerebellum (Figures 4D and 4E).
A distinct pattern of transcriptional deregulation was observed
in BP, GP and GCPs, while GCPs A and B shared several de-
regulated genes (Figure 4F), suggesting that lineage-specific re-
sponses are triggered in WHIM cerebellar progenitors.
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Figure 5. GC defects arise independently from the immunological phenotype

(A) Schematic of GC lineage development.

(B) UMAPs of the GC lineage colored by cell type and pseudotime score highlighting inferred trajectory (red).

(C) Line plot showing the expression of selected positional genes (Atoh1 and Pixna2) in control cerebellum with relative P4 ISH images form Allen Brain Atlas and
density plot showing the distribution of the cells along the pseudotime, colored by cell type.

(D) Cell distribution plots showing cell density along the pseudotime score colored by genotypes (up, Density plot, Kolmogorov-Smirnov test, p = 0.028) and cell
types (bottom, dot plot).

(E) Line plots showing the expression of selected upregulated genes across pseudotime of Cxc
(F) Schematic of the experimental plan.

r4*/1973 cerebellum.

(legend continued on next page)

Neuron 713, 2636-2655, August 20, 2025 2643



¢? CellPress

OPEN ACCESS

Enrichment analysis across progenitor clusters unveiled a
pervasive and coordinated activation of Cxcr4 signaling pathway
(Figures 4G and S5D; Table S6), highlighting potential implications
for enhanced cell migration and survival. To confirm this hypothe-
sis, we performed a comprehensive analysis of biological
functions (using ingenuity pathway analysis), which revealed a
significant enrichment of terms associated with enhanced migra-
tion, invasion, and cytoskeletal dynamics (Figure 4G; Table S7),
providing valuable insights into the multifaceted impact of Cxcr4
hyperactivation in cerebellar progenitors.

Interestingly, GPs, the precursors of Bergmann glia cells
(BG)—a glial subtype that aligns their fibers around the base of
each fissure (AC) during cerebellar surface foliation, acting as
tracks for inwardly migrating GCs®—showed upregulation of
Cxcr4d pathway alongside deregulation of terms related to the
formation of cellular protrusions and cytoskeletal organization
(Figures 4G and 4H). To validate the molecular changes
observed in GP, we performed immunostaining with brain-
lipid-binding protein (BLBP) marker to selectively label BG.°
Tracing analysis of BLBP™ fibers revealed that at P7 the arrange-
ment of BG fiber is altered in Cxcr4*/7°"3 mutants: we found a
significant reduction in the number of BLBP* processes in the
molecular layer of WHIM animals, along with an increased angle
formed by these fibers at the AC between LIl and LIV compared
with controls (Figures 4H and 4l). This atypical fanning pattern of
BG fibers likely contributes to the altered development of cere-
bellar lobules.

Overall, our single-cell analyses indicate that Cxcr4 mutation
impinges on the landscape of multiple cerebellar progenitors
during development, supporting a direct effect on the differenti-
ation of distinct lineages.

Hyperactive Cxcr4 signaling affects GC differentiation
and spontaneous activity
Given the transcriptional changes observed in GCPs, we investi-
gated whether the differentiation and maturation of GCP deriva-
tives, the mature GCs (Figure 5A), was affected in WHIM mice.
We examined the developmental route of the granule lineage by
inferring trajectory topology and performing pseudotime analysis
(Figure 5B). We identified a common starting point (root) at GCP-B
—the cluster with the highest entropy score as mean of the lowest
differentiation level®” (Figure S5E)—from which the trajectory pro-
gresses through GCP-A and GCl, terminating in GCII (Figures 5B,
5C, and S5F). No changes in the lineage topography were
observed between Cxcrd*7°"% and controls (Figure 5B).
Notably, GCPs originate in the rhombic lip, migrate to the EGL,
and subsequently move inward to the inner granular layer (IGL)
as they differentiate into mature GCs® (schematic in
Figure 5A). This developmental trajectory is known to be associ-
ated with dynamic changes in gene expression that identify the
differentiation stages of GCs migrating along the cerebellar

Neuron

cortical layers.”® Our pseudotime analyses confirmed that the
expression pattern of position-specific markers (such as Atoht
and PIxna2) follows a differentiation sequence that corresponds
to the distribution of GCs along their developmental trajectory
(Figures 5C and S5F). This allowed us to compute the pseudo-
time scoring as a proxy for both differentiation and GC migration
and simultaneously assess the two processes across geno-
types. We observed significant differences in the cell distribu-
tion, with a divergent frequency associated with GCl state (pseu-
dotime score 20-30, Figure 5D). Despite the exclusive
expression of Cxcr4 in progenitors, we found transcriptional
changes in across the entire pseudotime trajectory (Figures 5D
and 5E). These findings confirm our previous observation of
impaired GCs migration in WHIM mice (Figure 3), while also
revealing a broader differentiation defect affecting this lineage.

However, it remains to be elucidated whether the disrupted
migration interferes with differentiation progression, or whether
both impairments arise independently as consequences of hy-
peractive Cxcr4 signaling.

To begin disentangling the intrinsic effects of Cxcr4 dysregu-
lation on GCs, we isolated them from P5 Cxcr4*/7°"3 and control
cerebella and culture them ex vivo, thereby excluding the contri-
bution of local migratory cues. At 1 day in vitro (DIV), GCs were
infected with pAAV-hSyn-mCherry to sparsely label neurons
for morphological analysis (Figures 5F and 5G), and pAAV-
hSyn-GCaMP6s, to visualize their spontaneous electrical activity
(Figures 5F-5H). At DIV7, we observed that Cxcr4*/'°"% neurons
show a significant increase in the number of primary and sec-
ondary branches compared with controls, while neurite length
remained unchanged (Figure 5G), suggesting a direct impact
on cerebellar morphological complexity. At the same stage, we
found that WHIM GCs had a significantly increased spike fre-
quency and spike synchronicity rate across multiple neurons
compared with controls (Figure 5H). These findings are consis-
tent with previous studies showing that alterations of Cxcr4/
Cxcl12 signaling—such as in Cxcr4 knockout models—im-
pinges not only on neuronal positioning but also intrinsic proper-
ties like excitability, dendritic growth, and synaptic plasticity.*®

Collectively, our results demonstrate that Cxcr4 hyperactiva-
tion directly affects GC development and maturation. While
neuronal differentiation trajectories and migratory behaviors
are deeply interwoven processes, our ex vivo data indicate that
WHIM altered morphological and functional phenotypes arise
from a cell-autonomous defect of the GC lineage, independent
from the three-dimensional cytoarchitecture of the developing
cerebellum and from any peripheral alteration.

Defective granule lineage development in WHIM mice
impacts PC differentiation and functional properties
Proper development of GCs is required for PCs maturation.’® PCs
have a characteristic dendritic arbor (Figure 6A) and represent the

(G) Representative image of Cxcr4*/7°’3 and control mCherry positive GCs at DIV7, boxplots showing quantification of neurites’ number and length. Student’s t

test, “p < 0.05, **p < 0.01; n > 10 cells/condition. Scale bar, 10 pm.

(H) Maximal intensity projection image of GCamP6s fluorescence at DIV7 and representative normalized traces (AF/Fo). Boxplots showing the quantification of
single-neuron spike frequency and synchronicity rate across GCs, density plot showing the distribution of amplitude values between genotypes. Student’s t test,
*p < 0.05, **p < 0.01; n > 10 cells/condition. Data are presented as mean + SEM. Scale bar, 100 pm.
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Figure 6. Non-cell-autonomous effects of Cxcr4 mutation

(A) Schematic of cerebellar layers showing PC localization and selected downregulated genes.
(B) Bar plot showing top deregulated biological functions in PCs colored by activation Z score.

(C) Immunofluorescence staining of P30 cerebellum showing Calb1* PCs (red) in Cxcr4*/7°73

animals/condition. Scale bar, 20 pm.

and boxplots indicating PC density. Student’s t test, 0 <0.01;n>7

(D) Single PC at P21 of control and WHIM mice. Line plot showing the radius (pm) and number of intersections of PC dendrites and boxplot with total number of
intersections. Student’s t test, *p < 0.05; n > 7 cells/condition. Scale bar, 20 pm.

(E) Violin plots showing the expression of Scn1b and Hcn2 in PCs, **p < 0.01.

(F) Optical image of the cerebellar slice superimposed with the activity map. Scale bar, 2 mm.
(G) Representative raster plot (upper) recorded in control cerebellar activity with action potentials recorded in single active electrodes over time (lower).
(H) Bar plot showing quantitative analysis of mean firing rate (MFR) recorded in each lobe. Dots show the number of analyzed slices. Mann-Whitney test, “p < 0.05;

n > 6 animals/condition.

sole output of the cerebellar cortex.' In our transcriptional anal-
ysis, PCs, as well as other Cxcr4-negative cells, exhibited signifi-
cant deregulation in gene expression (Figure 4D). Enrichment
analysis revealed downregulation of genes associated with den-
dritic arborization and axonogenesis, as well as synaptic neuro-
transmission and LTP (Figure 6B), highlighting an impairment of
PC development and synaptic maturation. Consistently, we
observed a decrease in the overall PC count within the impacted
lobules at P30 (Figure 6C). Furthermore, we found a significant
reduction in PC dendritic complexity at specific distances from
the soma (40-70 pm) (Figures 6D and S6A), despite the total num-
ber of intersections is not significantly changed (data not shown).
This suggests that Cxcr4 hyperactivation selectively and non-cell
autonomously controls the number of PCs and their proximal den-
dritic branching, potentially disrupting circuit assembly.
Transcriptomic analysis revealed increased expression of
several ion channel genes, including sodium voltage-gated
channel p1 subunit (Scn1b) and hyperpolarization-activated cy-

clic-nucleotide-gated channel 2 (Hcn2), in WHIM PCs
(Figure BE). To investigate potential functional consequences
of the observed aberrant features of WHIM cerebellum, we moni-
tored the spontaneous activity of Cxcr4*/7°"% and control cere-
bellar slices using a high-density multielectrode array (HD-
MEA,; Figures 6F-6H and S6B-S6E), which in basal conditions
records the activity of PCs.'°" The overall mean firing rate
(MFR) and the number of active units in WHIM slices were not
significantly different from controls (Figure S6C), while notable
differences in MFR were evident across specific lobules
(Figures 6H and S6E). In WHIM cerebella, lobules LIV-V and
LVIII, adjacent to the altered fissures, displayed a significant in-
crease of the MFR and, consistently, the amplitude of spike sig-
nals was increased in LVIII (Figure S6D).

Overall, these data provide evidence of the close interplay be-
tween excitatory and inhibitory neurons during cerebellar devel-
opment, resulting in an abnormal lobule-specific network activity
and likely impairing the overall output of WHIM cerebellar cortex.
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WHIM mutants show congenital leukopenia but no
altered immune state in the cerebellum

While extensively characterized in adulthood,***® the immune
phenotype of WHIM mice during development has never been
explored. This represents a critical gap, especially given the early
onset of immunodeficiency observed in WHIM patients'%%"%°
and our neurodevelopmental findings in Cxcr4*/7°"% pups. To
address this, we performed a longitudinal immune profiling of
WHIM mice from embryonic day 16.5 (E16.5) to P45, using
multi-parameter flow cytometry on liver, spleen, blood, and cere-
bellar tissues (Figure 7A).

As expected, no differences in the WHIM fetal liver at E16.5
were found in any of the immune populations studied (Figure
7B), fetal liver hematopoiesis takes place independently of the
Cxcrd-Cxcl2 axis.'® "% Accordingly, no alterations were
observed in the number of splenic immune populations at the
same stage (Figures S7E and S7F).

Interestingly, as early as PO, animals bearing the WHIM muta-
tion showed a pronounced neutropenia and lymphopenia
(Figures 7C, 7D, S7A, and S7B). A widespread decrease in
CD45" cell count was observed in WHIM blood (Figures 7C,
7D, S7A, and S7B), while a significant decrease of CD11b* im-
mune cells, neutrophils and B cells was found in the spleen of
WHIM newborns, along with a general trend toward decrease
of the other analyzed cell types (Figures S7E and S7G).

No differences were detected in WHIM cerebellum in any of
the immune populations studied (Figures 7E, 7F, and S7C),
including resident microglia. Also, both microglial abundance
and CD86 mean fluorescence intensity (MFI), a marker of acti-
vation, remained unchanged (Figures 7E and 7F). Consistently,
Iba1 immunostaining revealed no difference in microglial den-
sity between Cxcr4*/7°’% and control newborns (Figure 7G),
and at P21, microglial morphology —measured as branch and
junction counts/cell—was unaffected (Figure 7H). Notably,
WHIM mice were maintained under specific pathogen-free
(SPF) conditions, never exposed to any immune challenge.
Furthermore, expression levels of [117 and its receptor ll117ra,
components of the y& T cell-mediated interleukin (IL)-17
signaling pathway linked to anxiety-like behavior'®” were unal-
tered in WHIM cerebellum (Figure S7D).

Together, these findings indicate that, under basal conditions,
WHIM cerebellum does not exhibit signs of immune dysregula-
tion, supporting a cell-autonomous origin of the observed
morphological and behavioral phenotypes.

Early developmental intervention ameliorates WHIM
behavioral and structural deficits
AMD3100, a CXCR4 antagonist, is a promising therapy
currently under evaluation for the treatment of WHIM syn-
drome’s immune-related symptoms. However, clinical trials to
date have exclusively enrolled patients older than 10 years,**~*°
despite clinical manifestations of the disorder emerge at
birth.102‘103

To assess whether early, brain-specific CXCR4 inhibition
could rescue WHIM phenotypes, we administered AMD3100
intracerebroventricularly at E12.5 and analyzed behavioral
and cerebellar outcomes at P7 and P45 (Figure 8A). Treated
Cxcr4*'79%3 pups displayed a significant increase in body weight,
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compared with wild-type controls (Figure 8B), suggesting that
AMD3100 impacts key developmental trajectories. In the cliff
aversion test, nearly all AMD3100-treated pups exhibited an
appropriate avoidance response, contrasting with the poor per-
formance of vehicle-treated mutant littermates (Figure 8C).
Morphological assessment revealed significant restoration of
cerebellar fissure length at P7 (Figures 8D and S8A), with a
partial improvement in fsec length also observed at P45
(Figure S8B). To consider an early post-natal therapeutic inter-
vention with potential clinical relevance, we repeated intraven-
tricular AMD3100 injections at P1 (Figure 8E). Similar to the in
utero administration, AMD3100-treated Cxcr4*/7°"3 pups ex-
hibited a significant increase in body weight by P7, comparable
to wild-type levels (Figure 8F), and performed markedly better in
the cliff aversion test compared with vehicle-treated mutant lit-
termates (Figure 8G). At P45, treated mice showed increased
time spent in the center of the open field and a higher number
of vertical counts (Figure 8H), indicating improved exploratory
behavior. Morphological analysis at this stage also revealed
increased fsec length (Figure S8C), consistent with results from
embryonic AMD3100 delivery.

Together, these findings provide compelling evidence that the
structural and behavioral abnormalities observed in WHIM mice
arise from intrinsic Cxcr4 dysfunction in the developing brain and
can be rescued by early, targeted intervention.

DISCUSSION

Our findings provide new insight into the complex neuroim-
mune interactions underlying neurobehavioral symptoms in
chronic immune conditions. By identifying a developmental
enrichment of IElI genes in cerebellar lineages, we propose
that intrinsic, brain-specific contributions may underlie neuro-
behavioral features in IEl patients. Grounded in a compre-
hensive characterization of the WHIM mouse model—faith-
fully recapitulating the human genetic and immunological
phenotype®*:°638:39 _\ye show that GCPs are key mediators
of the cerebellar foliation defects and circuit miswiring
observed, even in the absence of immune challenge. Their
molecular, morphological, and functional disruption impair
PC development and cerebellar output, leading to enduring
behavioral phenotypes consistent with those described in
patients.

Charting IEl-associated genes in the developing
human brain
While behavioral alterations are frequently reported in IEI and
other chronic inflammatory conditions, especially anxiety and
depression, these symptoms are often dismissed as secondary
to systemic disease—particularly in pediatric patients. Yet, the
long-term impact of undiagnosed or untreated neuropsychiatric
symptoms can be profound. Although prior studies have linked
immune signaling to brain function through non-cell-autono-
mous pathways,”'”'°® direct contributions of IEI genes to neu-
rodevelopmental processes have not been systematically
examined.

Here, we provide the first comprehensive analysis of IEl, their
genetic architecture and associated clinical features. Our finding
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Figure 7. WHIM mutants show congenital leukopenia, but no altered immune state in the cerebellum

(A) Experimental plan.

(B) Bar plots showing immune cell subsets in E16.5 WHIM liver analyzed by fluorescence-activated cell sorting (FACS). Student’s t test, “p < 0.05; n > 4 animals/
condition. Data are presented as mean + SEM.

(C) Boxplots showing circulating immune cell subsets in PO WHIM blood analyzed by FACS. Student’s t test, o < 0.05; n > 4 animals/condition. Data are
presented as mean + SEM.

(D) Line plots showing circulating CD45*, CD19*, and CD3" cells in Cxcr4*/'°" blood from PO to P45 analyzed by FACS. Student’s ttest, *p < 0.05, *p < 0.01;n > 4
animals/condition.

(E) Plots showing the percentage of microglia cells on CD45" cells, MFI of CD86 and relative quantification in E16.5 WHIM cerebellum analyzed by FACS.
Student’s t test, *p < 0.05; n > 4 animals/condition.

(F) Plots showing the immunological profile, MFI of CD86 and relative quantification in PO WHIM cerebellum analyzed by FACS. Student’s t test, *p < 0.05; n > 3
animals/condition. Data are presented as mean + SEM.

(G) Representative cerebellar sections of Cxcr4*/7°"% and control at PO stained for microglia marker Iba1 and density bar plot. Scale bar, 200 um. Multiple t test,
*p < 0.05; n > 3 animals/condition.

(H) 3D reconstruction and relative quantification of Iba1* microglia cells in WHIM and control cerebella at P21. Scale bar, 10 um. Multiple t test, *p < 0.05; n > 3
animals/condition.

that over 40% of |IEl genes are associated with neurobehavioral mental windows and cerebellar vulnerability, we lay the ground-
phenotypes may still be underestimated due to limited neurolog-  work for a deeper understanding of how immune-related genetic
ical characterization of patients. By identifying specific develop-  variants shape brain structure and function.
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Figure 8. WHIM behavioral and structural alterations can be rescued at early developmental stages

(A) Experimental plan showing in utero injection of AMD3100 or vehicle.

(B) Boxplot showing the weight of P7 pups upon AMD3100 or vehicle injection at E12.5. Multiple t test, **p < 0.01; n > 4 animals/condition.

(C) Bar plot showing the percentage of P7 pups treated with AMD3100 or vehicle at E12.5 that turn in the cliff aversion test. Multiple t test, **p < 0.01; n > 4 animals/
condition.

(D) Representative sagittal Nissl sections of WHIM and control cerebella at P7 upon AMD3100 or vehicle injection at E12.5 and bar plots showing fissure length.
Scale bar, 200 pm. Multiple t test, **p < 0.01; n > 3 animals/condition.

(E) Experimental plan of post-natal injection of AMD3100 or vehicle.

(F) Boxplot showing the weight of P7 pups upon AMD3100 or vehicle P1 injection. Multiple t test, *p < 0.05; n > 4 animals/condition.

(legend continued on next page)
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WHIM-linked mutation directly controls GC
spatiotemporal dynamics

MRI studies in mouse models of immune dysfunction (e.g., IL-6,
IL-10, and IL-18 deficient mice) have linked immune dysregula-
tion to structural brain alterations, particularly in the cerebellum
and lateral septum.’® Our results extend this work by demon-
strating a direct, gene-specific mechanism: hyperactivation of
Cxcr4 disrupts GCP behavior, impairing cerebellar foliation (as-
sessed by MRI and histology) and GC circuit assembly. It is
reasonable to suggest that the functional GC behavior in embry-
onic WHIM cerebellum is strongly influenced by their precise
spatial positioning, given the dense, yet highly specific input
received by their dendrites.’'®

Our results on the Cxcr4-dependent alterations in fanning
pattern of BG processes impinge on the ultimate arrangement
of mature GCs in the lobules of WHIM mice, likely affecting
cell-cell contact cues and scaffold for their migration along the
lobules. Altogether, this supports the existence of a defined pre-
natal developmental window that governs the foliation onset and
progression, then mechanically sustained and affected by the
hyperactive Cxcr4 pathway.

The coordinated migration of GCs across the layers is closely
linked to their differentiation, establishing a clear relationship be-
tween maturation state and spatial positioning—an association
that can be effectively captured through single-cell pseudo-
time/pseudospace analyses. This coupling is not unique to the
GC lineage, as other neuronal populations—inhibitory INs of
the cerebellum'"" and of the cerebral cortex''>—also progres-
sively define their identity while migrating their final positions.

Our ex vivo culture experiments revealed that, even in the
absence of migratory cues, WHIM GCs display distinct morpho-
logical and electrophysiological profiles. Previous studies on iso-
lated GCs have shown that their migration follows an intrinsic
program of sequential morphological changes, independent of
external cues, ending in a stationary phase characterized by
increased dendritic branching.’®''® It is therefore plausible
that the observed increased branching in WHIM GCs in vitro
stems from a premature migration arrest and anticipated
neuritogenesis.

Considering the immunological longitudinal data, it emerges
that the observed structural defects in WHIM mice originate
from intrinsic alterations in GC migration and differentiation.

WHIM mutation impinges on cerebellar circuits
assembly and behavior

The cerebellum is increasingly implicated in affective regulation,
with altered cerebellar connectivity linked to anxiety and mood
disorders.""*"'5 At the cellular scale, GCs, the largest population
of neurons of the entire brain, encode a wide variety of sensory
and motor information, with their activity patterns reflecting
sensorimotor context.'’® The pervasive alterations in the
behavior of WHIM pups support the role of cerebellar GCs in inte-
grating sensory and motor signals. GCs indeed receive inputs
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from mossy fibers, relaying information to PCs which in turn proj-
ect to the cerebellar nuclei. This complex architecture eventually
connects the cerebellum with the rest of the CNS.""° Here, we
show that Cxcr4-linked alterations affect not only GCs, but also
PCs in a non-cell-autonomous manner, altering their transcrip-
tional profile and reducing their dendritic extension and arboriza-
tion, eventually leading to changes in microcircuit activity. The
dynamic interplay between excitatory and inhibitory neuronal
subtypes has been shown to be crucial in brain develop-
ment,"'®""" but it remains to be elucidated whether a precise
molecular code regulates the cell-type-specific and spatial as-
sembly of GC-PC connections in different lobules.

Although early developmental behaviors in WHIM pups are
disrupted, some improve by the second post-natal week, sug-
gesting potential for compensatory mechanisms. Still, anxiety-
like phenotypes persist into adulthood and can be reversed by
CXCR4 antagonism, underscoring the limited plasticity of cere-
bellar affective circuits and reinforcing the existence of a devel-
opmental sensitive window.''® Future studies should explore
whether these effects are cerebellum-specific or reflect broader
disruptions in long-range connectivity.

Early AMD3100 treatment restores cerebellar foliation
with enduring effects on behaviors in WHIM mice

The CXCR4 antagonist AMD3100 has been approved by the inter-
national drug agencies for pediatric hematopoietic stem cell mobi-
lization,""®"2% but it has only been tested in WHIM patients older
than 10 years.***® Here, we demonstrate that intraventricular
AMD3100 administration at both embryonic and early post-natal
stages in mice rescues cerebellar morphology and behavioral def-
icits. These findings suggest a previously unrecognized potential
for CNS-targeted early interventions in CXCR4-related pathol-
ogies. While previous work showed that in utero intracerebroven-
tricular injection of AMD3100 can modulate the entrance into the
cortical plate of Cxcr4-expressing GABAergic INs in mice, "' to
ourknowledge, his is the first evidence of AMD3100 acting directly
on cerebellar developmental processes.

While our results offer intriguing insight into the developmental
role of the Cxcr4-Cxcl12 axis in the cerebellum and support the
feasibility of early-stage intervention, further work is needed to
assess how such findings translate to human pathology. Thus,
large patient cohorts, age-matched controls, and integrated
morphometric-behavioral analyses are essential.

Our results support the possibility that brain structures, whose
development has been primed by the direct effects of mutations,
may become more vulnerable to functional changes when faced
with an immunological insult. Further studies will elucidate
whether in WHIM syndrome, and even in other IEI that involve
neurobehavioral deficits, recurrent immunological challenges
trigger an altered neuroimmune crosstalk, eventually exacer-
bating the existing phenotypes.

Our research overall uncovers a significant role of the CNS
development, in particular of the cerebellum, in the

(G) Bar plot showing the percentage of P7 pups treated with AMD3100 or vehicle at P1 that turn in the cliff aversion test. Multiple t test, *p < 0.05; n > 4 animals/

condition.

(H) Boxplot showing the time P45 mice upon AMD3100 or vehicle injection at P1 in the open field. One-way ANOVA. Boxplot showing the number of vertical
counts in the open-field test. Student’s t test, “p < 0.05; **p < 0.01; n > 5 animals/condition.
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neuroimmune interplay and its impact on behavior in IEl. Accu-
rate diagnosis of neurobehavioral conditions in IEl is crucial for
comprehensive patient care and would represent a significant
shift in the clinical evaluation of these complex disorders.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Simona Lodato (simona.
lodato@hunimed.eu).

Materials availability
This study did not generate any new unique reagents.

Data and code availability

® Single-cell gene expression datasets of P1 WHIM and control cerebella
have been deposited at GEO and are publicly available as of the date of
publication. GEO: GSE266671.

® MRI data of P45 WHIM and control cerebella have been deposited on
OpenNeuro and are publicly available as of the date of publication.
OpenNeuro: ds005137.

® The BrainSpan Atlas is available at https://www.brainspan.org/.

® The human single-nuclei dataset is available at https://celixgene.
cziscience.com/collections/72d37bc9-76cc-442d-9131-da0e273862db/.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this
work paper is available from the lead contact upon request.
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STARxMETHODS

KEY RESOURCES TABLE

Neuron

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Calbindin (mouse monoclonal) Swant Cat#300; RRID: AB_10000347
Anti-Pax6 (rabbit polyclonal) Sigma-Aldrich Cat#AB2237; RRID: AB_1587367
Anti-Iba1 (rabbit polyclonal) FujiFilm Cat#019-19741; RRID: AB_839504
Anti-BLBP (rabbit polyclonal) Merck Millipore Cat#ABN14; RRID: AB_10000325
Anti-RFP (rabbit polyclonal) Rockland Cat#600-401-379; RRID: AB_2209751
Anti-CD45 Biolegend / BD Cat#103139/564225; RRID: AB_2716861
Anti-CD19 BD Cat#560245/612971; RRID: AB_2870243
Anti-CD3e Invitrogen Cat#15-0031-81; RRID: AB_3697163
Anti-Ly-6C BD Cat#560596; RRID: AB_1727555
Anti-CCR2 Biolegend Cat#150605; RRID: AB_2571913
Anti-CX3CR1 Biolegend Cat#149027 RRID: AB_2565967
Anti-CD49b BD Cat#740704; RRID: AB_2740388
Anti-CD11b BD Cat#563553; RRID: AB_2738276
Anti-CD4 BD Cat#612952; RRID: AB_2813886
Anti-CD8 BD Cat#612898; RRID: AB_2870186
Anti-Ly-6G BD Cat#560601; RRID: AB_1727562
Anti-F4/80 BD Cat#567201/565613; RRID: AB_2734770
Anti-CD86 Biolegend Cat#105016; RRID: AB_493602

Bacterial and virus strains

pAAV-hSyn-GCaMP6s-WPRE

pAAV-hSyn-mCherry

Plasmid was a gift from
Douglas Kim & GENIE
Project; Chen et al.'*”
Plasmid was a gift from
Karl Deisseroth Lab

Addgene, Cat#100843

Addgene, Cat#114472

Biological samples

Cerebellar tissue from Cxcr4*''°"% and WT mice This paper N/A

Liver, spleen, blood from Cxcr4+/7°73 This paper N/A
Chemicals, peptides, and recombinant proteins

Poly-L-lysine Sigma-Aldrich Cat#P2636
Neurobasal medium Life Technologies Cat#21103049
Fetal Bovine Serum (FBS) Life Technologies Cat#1600004
B-27 Supplement Life Technologies Cat#17504001
Penicillin-Streptomycin Euroclone Cat#ECB3001
Cytosine arabinofuranoside (AraC) Sigma-Aldrich Cat#C1768
Papain Dissociation System Worthington Biochemical Cat#L.K003150
AMD3100 (Plerixafor) Sigma-Aldrich Cat#239825
Eukitt Mounting Medium Sigma-Aldrich Cat#3989
Violet stain Sigma-Aldrich Cat#C1791
Glacial Acetic Acid Sigma-Aldrich Cat#A6283
Fluoromount Thermo Fisher Scientific Cat#F4680
LIVE/DEAD Aqua Dead Cell Stain Kit Thermo Fisher Scientific Cat#L.34957
DAPI Thermo Fisher Scientific Cat#D1306
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

RNeasy Mini Kit Qiagen Cat#74106
QuantiTec Reverse Transcription Kit Qiagen Cat#205313
PowerTrack SYBR Green Master Mix Thermo Fisher Scientific Cat#A4611

Deposited data

Single cell gene expression datasets GEO GSE266671

MRI data OpenNeuro ds005137
Experimental models: Organisms/strains

Cxcrd*’1°18 knock-in mice Institut Pasteur; Balabanian et al.*® N/A

Wild type C57BL/6J mice Jackson Laboratory Cat#000664
Oligonucleotides

IL17ra primer fw: CCTCATCACACTCATCGCCA This paper N/A

IL17ra primer rev: GCCGAGTAGACGATCCAGAC This paper N/A

Software and algorithms

GraphPad Prism (v10.0.0) GraphPad www.graphpad.com
R (v4.3.1) R Project www.r-project.org
Seurat (v4.4.0) Hao et al.’** https://satijalab.org/seurat/
FIJI (ImageJ) NIH https://imagej.net/Fiji
FlowdJo (v10.10.0) BD https://www.flowjo.com/
MATLAB MathWorks www.mathworks.com

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
All experiments were performed in accordance with the guidelines established by the European Community Council (Directive 2010/
63/EU of September 22nd,2010) and the Italian D.Lg. 26/2014. The study was approved by the Institutional Animal Care and Use
Committee (IACUC) of the Humanitas Research Hospital and by the Italian Ministry of Health. Mice were housed in a specific path-
ogen-free (SPF) facility under constant temperature (22 + 1C) and humidity (50%) conditions with a 12-hour light/dark cycle with ad
libitum access to food and water. SPF conditions ensured that animals were never exposed to immunological challenges. WHIM-
associated mutant Cxcr4*/7°’3 knock-in mice were generously provided by Prof. Arenzana-Seisdedos and originally generated at
the Institut Pasteur®® and were kept on a C57BL/6J background. Experimental cohorts included littermates from embryonic day
16.5 (E16.5) through postnatal day 45 (P45). No sex-based differences were observed in any of the measured parameters. Results
were pooled across sexes in all the experiments with the exception of adult behavioral testing, where only age matched littermate
male mice were used.

For timed pregnancies, Cxcr4*/'°"% knock-in male was housed overnight with up to three C57BL/6J females (acquired by Charles
River laboratories), and successful mating was confirmed by the presence of a vaginal plug the following morning. All animals used in
this study were experimentally naive and had not been previously exposed to AMD3100 or other interventions.

Primary granule cell cultures
Granule cell cultures were obtained as previously reported.'?~'?® Each experiment utilized a minimum of 4 postnatal day 5 (P5) pups
per genotype from at least two different litters. GCs were plated at approximately at 600,000 cells/mL on Poly-L-lysine-coated
(#P2636, Sigma-Aldrich) cover glasses in Neurobasal medium (#21103049, Life Technologies) supplemented with 10% fetal
bovine serum (FBS, #1600004, Life Technologies), 0.5% serum-free supplement B-27 (#17504001, Thermo Fisher Scientific), and
100 I.U./mL of Pen-Strep (#£ECB3001, Euroclone). Cultures were incubated at 37°C/5% CO.,. After 24 hours, the medium was re-
placed with fresh Neurobasal medium supplemented with 10% FBS, 0.5% serum-free supplement B-27, 100 I.U./mL of Pen-
Strep, 10uM cytosine arabinofuranoside to eliminate proliferating non-neuronal cells (e. g., endothelial and microglial cells), and
25mM KCI, which promote GC survival through mild depolarization.

On day in vitro 4 (DIV4), the medium was replaced with fresh Neurobasal medium supplemented with 10% FBS, 0.5% serum-free
supplement B-27, 100 .U./mL of Pen-Strep, 10uM cytosine arabinofuranoside, and 5mM KCI to facilitate functional synapse
formation.
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METHOD DETAILS

Datasets and analysis of IEI-associated genes in human brain

To explore IEl-associated gene expression in the human brain, we initially assembled a roster of 526 genetic |IEl and their correspond-
ing 444 causative genes, utilizing a validated classification system (https://www.niaid.nih.gov/diseases-conditions/types-IEl, source:
International Union of Immunological Societies, IUIS).27'28 Subsequently, we leveraged the BrainSpan Developmental Transcrip-
tome®® and single nuclei RNA-seq®® datasets to analyze gene expression patterns.

We leveraged the BrainSpan dataset, comprising normalized expression data (RPKM) summarized to genes across 25 brain struc-
tures and 31 ages, which were systematically grouped into 7 distinct region types (PFC, prefrontal cortex; CTX, cerebral cortex; HP,
hippocampus; CB, cerebellum; STR, striatum; AMY, amygdala; and TH, thalamus) and 8 developmental periods (early prenatal, late
prenatal, late infancy, early childhood, late childhood, adolescence, and adulthood). We subset the expression of our 444 gene of
interest (GOI, Table S2) and performed gene clustering using Hierarchical Cluster Analysis, incorporating both region types and
developmental periods as key grouping variables. To determine the optimal number of clusters (k), we employed the silhouette score,
selecting the value that maximized this metric. To allow for the identification of distinct gene expression patterns, we plotted average
scaled gene expression across different regions and developmental stages. To capture dynamic changes in gene expression
throughout critical developmental periods in the single-nuclei analysis, we focused on a subset comprising nine out of ten timepoints,
excluding the adult stage, of only healthy subjects. The data were normalized by individual timepoint using “SCTransform()”, then
dimensionality reduction was performed on the scaled data with “RunHarmony()” to integrate the data for visualization purposes
without altering the original annotations. To specifically analyze the expression patterns of our GOIs, we computed the average
gene expression across cell types. The results are presented in dot plot in Figure 1G.

Ex-vivo magnetic resonance imaging

Animals were transcardially perfused first with heparinized saline and then with 4% paraformaldehyde (PFA) dissolved in PBS and
decapitated. The skin, ears, and lower jaw were removed, and the brain was left within the cranium to minimize tissue damage
and deformations due to dissection. Each brain was then incubated for 24 h in 4% PFA solution and then placed in 0.1 M PBS con-
taining 0.05% (weight/vol) sodium azide. Samples were then shipped to King’s College London and stored at 4°C in this solution for
3-4 months to allow tissue rehydration. Sixty days prior to ex vivo MRI acquisition, the samples were transferred to an 8 mM solution
of Gadobutrol (Gadovist, Bayer AG) in 0.1 M PBS and 0.05% sodium azide. MRI examiners were blinded to the experimental groups.

The samples were scanned four at a time, secured in a custom 3D-printed holder inside a 50-ml Falcon tube filled with perfluor-
opolyether (Galden SV80, Apollo Scientific), using a 39-mm quadrature transmit/receive volume coil (RAPID Biomedical) in a 9.4T
BioSpec 94/20 (Bruker BioSpin) equipped with a B-GA12SHP gradient set (1000 mT/m) and an Avance™ Ill HD console controlled
by ParaVision 7.0.0. Images with 40-micron isotropic resolution were acquired using a 3D FLASH sequence with the following pa-
rameters: echo time = 6 ms, repetition time = 20 ms, flip angle = 33°, readout bandwidth = 100 kHz, averages = 7, matrix size =
625x625x500, field of view = 25x25x20 mm, scan time = 14 h.

Magnitude and phase images were reconstructed in ParaVision 7.0.0 and converted to NIfTI format using BrkRaw. The phase im-
ages were unwrapped using the unwrap_path command in Quantitative Imaging Tools (QUIT).'?” The magnitude and phase images
of all 22 subjects were used to create a multivariate study-specific template using the antsMultivariateTemplateConstruction2.sh
script in Advanced Normalization Tools (ANTs). 22 All subjects were then registered to the template via sequential rigid-body, affine,
and diffeomorphic (SyN algorithm) transforms using antsRegistration.'* Log-transformed Jacobian determinant maps of these com-
posite transforms were generated using the ANTs command CreateJacobianDeterminantimage. For voxel-wise comparison of local
volumes of WHIM and WT brains, FSL randomize '*° was used to perform permutation tests on the log-Jacobian images (5000 per-
mutations, threshold-free cluster enhancement, and family-wise error rate controlled).

Each individual magnitude image was rigidly aligned to the template using antsRegistration and cropped around the cerebellum. In
Fiji, a 3D median filter with a two-voxel (80 pm) radius was applied, then a minimum intensity projection of the central 10 voxels in the
sagittal plane was created, and finally unsharp masking was performed with a radius of 3 and mask weight of 0.7. The arbor vitae was
semi-automatically segmented from this filtered image using the wand tool. The same procedure was done on the template image,
and each subject’s segmented central sagittal arbor vitae was rigidly registered to the template’s using antsRegistration. In python,
the skeleton of the arbor vitae was created using scikit-image 0.21.0 (skimage.morphology.skeletonize), ®' and the branch lengths of
the skeleton were measured using Skan 0.11.1 (skan.summarize).'®? Branches were automatically assigned to a cerebellar lobule
based on junction/endpoint coordinates, which are also returned by skan.summarize.

Behavioral testing in adult mice

Behavioral testing was performed during the light phase, P45 mice were habituated to the testing room for 30 min before starting.
Tests were conducted on the same day for the two genotypes in randomized order and data were recorded and analyzed blind
to genotype.
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For the open field test

Mice activity was recorded by video tracking in a 30 min-open field session. The area was virtually divided into periphery and center.
For each of these regions, the time spent within (s), the distance covered (cm), the number of vertical counts (free-standing animal or
touching the side of the field), the vertical, ambulatory and resting times (s) and the ambulatory rate (cm/s) were analyzed.

For the accelerating rotarod test

We used an accelerating rotarod (Panlab, #76-0770). Mice were tested starting from P45. They were positioned on the rotating bar
and allowed to become acquainted with the environment. The rod motor was started initially at 4 rpom and accelerated by one rpm
every 8s to a maximum of 40 rpm for 300 s. Animals were given 5 trials per day for 4 days. The performance was scored as latency to
fall in seconds, and the average was used for statistical analysis.

For the dark-light chamber test

Mice were placed in the center of the light chamber and recorded while allowed to explore the two chambers for 10 min. The following
behavioral performances were analyzed: time spent in the light chamber (s), time spent in the dark chamber (s), latency (s), and num-
ber of transitions between chambers.

For the forced swim test

Animals were placed in an open water container, with water temperature maintained at 23° + 2°C; after two minutes of adaptation
period, the time of activity and immobility (s) were measured in a 4 minutes session.

For the marble burying test

Mice were tested in a regular clean cage with twelve glass marbles positioned under the bedding and equidistant in a 3 x 4 arrange-
ment, covering the whole cage area. The subjects were placed in the test cage and allowed to explore and bury the marbles for
10 min. At the end of the session, the number of marbles buried (>50% marble covered by bedding material) was considered.
For the self-grooming test

Animals were placed in an empty, clean arena with a thin layer of bedding and allowed to freely move for 10 min. The time each mouse
spent self-grooming during the session was measured.

Testing of developmental milestones
Developmental milestones were assessed following established protocols, and adapted from the Fox scale.®® Pups of inde-
pendent litters were handled daily at a consistent time to evaluate their physical development. All assessments were conducted
and scored blindly to genotype. Parameters were categorized into weight, motor skills and sensory reflexes, and were evaluated
as described below. Body weight (g) was measured at PO, P7, P15, P20, P30 and P45. Other developmental milestones were tested
between P7 and P15.
Motor skills
Motor activity was assessed using ambulation, negative geotaxis, surface righting, air righting and traversal open field tests. In the
ambulation test, pups were observed in a clear enclosure for 3 min, and movement was scored on a scale from 0 to 3. The negative
geotaxis test measured the time spent to turn 180° on an inclined plane in 30-second trials. Surface righting assessed the time for
pups placed on their back to turn to a prone position within 30 seconds. Air righting measured the ability of pups dropped form a
height of 15 cm to land on all paws. In the open field traversal test, we measured the time taken by a mouse to move out of a
13 cm diameter circle on a paper sheet.
Sensory reflexes
Developing reflexes were evaluated through cliff aversion, forelimb grasping, ear twitch and auditory startle tests. In the cliff aversion
test, pups were placed at the edge of a box, and the latency time to turn and crawl away was measured in 3 trials of 30 seconds each.
The test was considered failed if the pup did not turn away from the cliff in the given time.

Ear twitch reflex development in response to ears stroking with a cotton swab was recorded. For the forelimb grasping pups were
released with forepaws resting on a suspended stick, and the duration of grasping was measured. The auditory startle test recorded
the involuntary jump response to a recorder hand clap sound.

133,134

Nissl staining
Tissues were fixed with 4% paraformaldehyde (PFA) in 1x PBS and 50pum sections were obtained with a Leica VT1000S vibratome,
15um sections with Histo-Line MC4000 Cryostat.

Nissl staining was prepared one day prior to use with 1% Violet (Sigma-Aldrich, #C1791), 1% Glacial Acetic Acid (#A6283, Sigma-
Aldrich) in bidistilled water, and filtered. Sagittal cerebellar sections at different interaural levels (vermis: from 0.00 to 0.24; hemi-
sphere: from 1.56 to 2.04, from 2.16 to 2.52) were selected and dried, hydrated in bidistilled water, stained with Nissl| staining for
10’, washed in bidistilled water, dehydrated in increasing ethanol gradient, cleared in xylene and mounted with Eukitt Quick-hard-
ening mounting medium (#03989, Sigma-Aldrich).

Real-time quantitative PCR

Cerebella from P45 mice were lysed in TRIzol (# 15596018, Thermo Fisher Scientific), then total RNA was extracted using
manufacturing instructions. Purified RNA was quantified spectrophotometrically using Nanodrop (Thermo Fisher Scientific) and
500 ng was reverse-transcribed into cDNA using the QuantiTec Reverse transcription Kit (#205313, Qiagen) following manufacturer’s
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specifications. RT-gPCRs were performed using PowerTrack™ SYBR Green Master Mix (#A4611, ThermoFisher Scientific) with
GAPDH as an internal control. Cycling was executed using the Viia7 Real-Time PCR System (ThermoFisher Scientific) and analysis
of relative gene expression was performed using the 27Y5*® method (Livak and Schmittgen, 2001'%). Three technical replicates were
averaged for their cycling thresholds for all the independent biological replicates and further calculations were performed with
those means. Each RNA sample was analyzed for IL17ra using the following primers: /17ra: fw = CCTCATCACACTCATCGCCA,
rev = GCCGAGTAGACGATCCAGAC.

Foliation analysis

A morphometric analysis on immunofluorescence images of sagittal sections of the cerebellum at E17.5 and PO was performed. This
analysis entailed measuring the precise contour of the sections to obtain the EGL length, along with the convex length representing
the EGL’s smooth length or EGL,. Additionally, we determined the total area defined by the EGL boundary, as well as the areas en-
closed by the external and internal smooth boundaries of the cerebellar sections. These parameters facilitated the assessment of
mechanical strain (¢) exerted on the cerebellum’s bilayer structure

_ EGL
¢ = EGL,

and the amplitude of resulting wrinkles. Specifically, we examined the relationship between strain (¢) and wrinkle amplitude (A) arising
upon induction of a sinusoidal wrinkling instability in a soft bilayer material. The relationship between amplitude and strain of folding
patterns emerging under low mechanical deformation (i.e., at E17.5) were modelled using the following equation (https://doi.org/10.
1039/C9SM02124H):
3
A=h (i - 1)
€c

where h is the thickness of the EGL layer and ¢ the critical strain that must be exceeded to trigger the instability. The critical strain
depends on the ratio of the stiffness of the two layers through the relation

_1(EN
= 4 \3E

where E, and E. are the in-plane elastic modulus of the external layer and the in-plane elastic modulus of the core, respectively.
Patterns emerging beyond the low deformation limit (¢ > 10%), and therefore in the so-called ‘high deformation (HD)’ regime (i.e., at
P0), were modelled using the following equation (https://doi.org/10.1039/C9SM02124H):

__A
(1 +e)% (1 +§)%

AHD =

where & = 5 ¢ (1 +¢€)/32 accounts for the non-linearity in the stress-strain response (neo-Hookean behavior). The high-deformation
model also better represents the evolution of the wrinkling pattern into a fold-like instability, typical of developed cerebellar folds,
diverging from the purely sinusoidal motif described by the low deformation model better representing the onset and initial foliation
stages.

Single-cell RNA sequencing and analysis

Sample preparation

PO cerebellar region around foc (LIl and LIV-V) from control and Cxcr4*/1°1% pups (n = 8 embryos per sample per litter) was rapidly
dissected in ice cold HBSS solution under microscopic control in sterile conditions. To minimize the sex effect, a balanced pool of
males and females in both control and Cxcr4*/'%"% samples was employed. Dissected tissue was dissociated using Papain Disso-
ciation System kit (#LK003150, Worthington) following the manufactured instructions. Around 10,000 cells per sample were loaded
in the Single Cell Chip G using the Single Cell 30 v2.1 single cell reagent kit (10X Genomics) for Gel Bead Emulsion generation into the
Chromium system. Following capture and lysis, cDNA was synthesized and amplified for 14 cycles following the manufacturer’s pro-
tocol (10X Genomics). 50 ng/sample of the amplified cDNA were then used to construct lllumina sequencing libraries. Sequencing
was performed on the NovaSeq 6000 lllumina sequencing platform following 10X Genomics instruction for reads generation.
Single-cell RNA sequencing analysis

Raw sequencing data were converted to fastq files using lllumina bcl-convert tool. CellRanger (10X Genomics, version 6.1.1.113)
count module was used to map and count reads with default settings and with sequence length set to r1-length = 28 and r2-length =
90, using pre-build mouse genome (version mm10-1.2.0) as reference. A mean of 45,000 reads/cell were produced for each sample.
The raw digital gene expression matrix (UMI counts per gene/cell) was imported in R (version 4.3.1) using Seurat R'?® package
(version 4.4.0). Briefly, sample quality control was assessed by filtering out, for each sample, cells meeting any of the following
criteria: log1o(MAD) (Median Absolute Deviation) was calculated for both expressed genes and UMI counts and cells outside 2.5
MAD (upper and lower limit) from median were filtered out, as well as cells with more than 10.0% of reads mapping to mitochondrial
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genes or less than 5.0% or reads mapping to ribosomal genes. After computing MAD, gene filtering was applied by removing genes
expressed in less than median - 2.5 MADs cells, as well as genes expressed by Y chromosome, and XIST and TSIX, to remove sex-
related gene expression, and ribosomal genes.

For each cell, feature counts are divided by the total counts for that cell and multiplied by 10,000, and this is then natural-log trans-
formed using log1p. This was followed by assignment of cell cycle scores to individual cells based on the expression of G2/M and S
phase markers.

To integrate the data, SCT v2 pipeline from Seurat was used: samples were normalized individually using “SCTransform (vst.fla-
vor ="v2", assay = "RNA")”, then integrating features were selected through “SelectintegrationFeatures” function, followed by “Pre-
pSCTlIntegration”, “FindIintegrationAnchors” and “IntegrateData(normalization.method = "SCT")”.

We then performed principal component analysis (PCA) on the scaled data, and used a graph-based method (elbow plot) to
choose the number of principal components to use. We then clustered the cells using the Louvain algorithm (within Seurat) to iter-
atively group cells together. Optimal resolution was chosen by analyzing the cluster tree plot (clustree). To annotate clusters, we
determined differentially expressed genes using FindAlIMarkers function embedded in Seurat (Wilcoxon Rank Sum test with Bonfer-
roni correction for multiple testing; adjusted P< 0.05). We tested only genes that were detected in a minimum of 40% of cells within
the cluster and that showed, on average, at least a 0.25-fold difference (log-scale) between the cells in the cluster and all remaining
ones. By reviewing the resulting markers, as well as the expression of canonical marker genes and additional markers from the liter-
ature,®® %% we assigned a cell-type identity.

Cell-type-specific differential gene expression analysis

To determine differentially expressed genes, we used FindMarkers from Seurat function implemented with default two-part hurdle
model (MAST) testing only genes found in at least 20% of cells within the cluster and that showed, on average, at least a 0.10-
fold difference (log-scale) across genotypes. The list of differentially expressed genes was analyzed using the Ingenuity Pathway
Analysis (IPA - Qiagen Ingenuity Systems) canonical pathways and biological functions enrichment.

Trajectory inference and pseudotime scoring

For trajectory inference and pseudotime scoring, we first subsetted the Seurat object to retain only GCPs and GCs. Dimensionality
reduction was performed using UMAP on this subsetted object to visualize the high-dimensional data in a reduced space. To deter-
mine the root of the trajectory, we used an entropy-based method, which calculates entropy for each cell using the “perCellEntropy()”
function from TSCAN package 1.40.0. To infer the trajectory and assign pseudotime scores, we sed the Slingshot 2.10.0 algorithm.
The GCP-B cluster was selected as the starting point ("root"), and pseudotime scoring was performed based on UMAP-reduced di-
mensions. The slingshot() function was used to fit the trajectory, and “slingCurves()” was applied to obtain the lineage curve data. To
assess the significance of differences in pseudotime distributions between genotypes, we performed a Kolmogorov-Smirnov (KS)
test using the “ks.test()” function. This test compared the density distributions of pseudotime scores between the wildtype and
Cxcrd+/1013 mutant genotypes.

Differential expression analysis along pseudotime

We applied the “fitGAM()” function from Tradeseq packages 1.16.0 to model gene expression changes along pseudotime and across
different genotypes, fitting the model using 6 knots for each condition. Differential expression analysis across pseudotime was per-
formed using the “associationTest()” function to evaluate genes with significant changes in expression along the trajectory. To
assess the genes that passed the false discovery rate (FDR) threshold (FDR < 0.05) for each condition, we applied the “p.adjust
() function to correct p-values. The final gene lists for both genotypes were generated by filtering for those that met the FDR
threshold.

Multielectrode array analysis

Ex vivo acute cerebellar slices preparation

Animals at P21 were deeply anesthetized with isoflurane and decapitated. Brains were dissected immediately and placed in ice-cold
solution with the following composition (mM): 87 NaCl, 21 NaHCO3, 1.25 NaH2PO4, 7 MgCI2, 0.5 CaCl2, 2.5 KCl, 25 D-glucose, and
7 sucrose, equilibrated with 95% 02 and 5% CO2 (pH 7.4). Parasagittal slices of the cerebellar vermis (300 pm) were cut using vi-
bratome (Leica VT1000S) and then incubated at RT for at least 1 h at 33°C in artificial cerebrospinal fluid (ACSF) with the following
composition (mM): 129 NaCl, 21 NaHCOS, 1.25 NaH2PO4, 1.8 MgS04, 1.6 CaCl2, 3 KCI, 10 D-glucose, equilibrated with 95% 02
and 5% CO2 (pH 7.4). During the recordings, slices were perfused with ACSF solution at 3.0 mL/min using a peristaltic pump
(Shenchen).

MEA electrophysiological recordings

Electrophysiological recordings were performed using 2D high-density multi-electrode arrays (HD-MEA, 3Brain) made of 4096 elec-
trodes distributed with 81 pm pitch in 5.1 x 5.1 mm? total recording area (HD-Stimulo). Slices were positioned on the chip using a
platinum anchor with wires of 100 um width. After 10 minutes of equilibration, spontaneous activity cerebellar slices were recorded
for 5 minutes at a sampling rate of 20kHz in standard ACSF solution, using an 50Hz high-pass filter. At the end of each recording
session, a high-definition (HD) image of the slice was taken using HD digital microscope (Bysameyee) and subsequently superim-
posed to the activity map ensuring a precise electrical-anatomical correlation for each lobe.
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MEA data analysis

Recordings, spike detection and spike sorting were performed using BrainWave 4 software from 3Brain. To evaluate spike detection,
we used the Hard Treshold algorithm set at -70pV, (refractory period = 1ms, Al-validation) while spike sorting on individual electrodes
was computed using a Principal Component Analysis (PCA) with 3 features and a standard k-means clustering algorithm. Each
recording session included both control and Cxcr4*/7°’ genotypes. Only recordings with a spike rate higher than 0.8 spike/s and
more than 10 active units per lobes were considered for the analysis. If none of the slices recorded from one genotype met the
two criteria, the entire experiment was not considered. Median values of mean firing rates (MFR) and amplitude have been measured
for each lobe. Additionally, Kernel Density Estimation (KDE) has been used to visualize and analyze the data distribution. Data anal-
ysis was conducted using a non-parametric variant of the t test (Mann-Whitney test) to evaluate both frequency and amplitude met-
rics within the same cerebellar lobe for control and Cxcr4*/7°" slices.

Liver-, spleen-, blood-, and cerebellum-derived collection of immune cells

Embryos at E16.5 were dissected and livers, spleens and cerebella were collected and smashed on a 40 pm cell strainer. Smashed
tissues were left in lysis buffer 1x (8.29g/L ammonium chloride #A9434, 1g/L potassium bicarbonate #60339, 0,0372g/L ethylenedia-
minetetraacetic acid disodium salt dihydrate #ED2SS) for 10 minutes and washed, then cells were stained with vitality markers and
directly conjugated primary antibodies. Cells were fixed with 4% PFA and samples were acquired at the BD LSR Fortessa or
FACSymphony Cell Analyzer.

Pups at PO were dissected and spleens and cerebella were collected and smashed on a 40 pm cell strainer. Smashed tissues
were left in lysis buffer 1x for 10 minutes and washed, then cells were stained with vitality markers and directly conjugated pri-
mary antibodies. Cells were fixed with 4% PFA and samples were acquired at the BD LSR Fortessa or FACSymphony Cell
Analyzer.

Blood was collected at PO and P7 by decapitation. At P45, blood was collected from the lateral tail vein: following collection site
cleaning with 70% alcohol, the mouse was restrained, the lateral tail vein was gently nicked and sample was obtained. Upon collect-
ing 80-100 pL, bleeding was stopped by applying pressure with sterile gauze to achieve hemostasis. Red blood cells present in the
sample were removed with lysis buffer 1x and stained with vitality markers and directly conjugated primary antibodies. Cells were
fixed with 4% paraformaldehyde, counting beads were added to the samples, and the samples were acquired at the BD LSR For-
tessa or FACSymphony Cell Analyzer. The vitality marker used was LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (#L34957,
ThermoFisher Scientific) and the primary antibodies used were: anti-CD45 (#103139, Biolegend), anti-CD45 (#564225, BD), anti-
CD19 (#560245, BD), anti-CD19 (#612971, BD), anti-CD3e (#15-0031-81, eBioscience), anti-Ly-6C (#560596, BD), anti-CCR2
(#150605, Biolegend), anti-CX3CR1 (#149027, Biolegend), anti-CD49b (#740704, BD), anti-CD11b (#563553, BD), anti-CD4
(#612952, BD), anti-CD8 (#612898, BD), anti-Ly-6G (#560601, BD), anti-F4/80 (#567201, BD), anti-F4/80 (#565613, BD), CD86
(#105016, Biolegend). The data were analyzed via FlowJo (version 10.10.0).

Cerebellar granule cells culture

Granule cell cultures were obtained as previously reported.'*~?° Briefly, postnatal day 5 (P5) pups were anesthetized on ice and
subsequently sacrificed. Each experiment utilized a minimum of 4 pups per genotype from at least two different litters. The brains
were rapidly removed from the skull, and the meninges were carefully peeled off the cerebellum. The cerebellar cortex was then
dissected in Hank’s Balance Salt Solution (HBSS) under sterile conditions with stereomicroscopic guidance. Tissue dissociation
was performed using the Papain Dissociation System kit according to the manufacturer’s instructions (#LK003150, Worthington
Biochemical). The resulted single cell suspension was subsequently filtered through a 70 pm cell strainer to remove large non-
neuronal cells, ensuring a uniform neuronal preparation. Cerebellar cells were plated at approximately at 600,000 cells/mL on
Poly-L-lysine-coated (#P2636, Sigma-Aldrich) cover glasses in Neurobasal medium (#21103049, Life Technologies) supplemented
with 10% fetal bovine serum (FBS, #1600004, Life Technologies), 0.5% serum-free supplement B-27 (#17504001, Thermo Fisher
Scientific), and 100 I.U./mL of Pen-Strep (#ECB3001, Euroclone). Cultures were incubated at 37°C/5% CO.. After 24 hours, the me-
dium was replaced with fresh Neurobasal medium supplemented with 10% FBS, 0.5% serum-free supplement B-27, 100 I.U./mL of
Pen-Strep, 10pM cytosine arabinofuranoside to eliminate proliferating non-neuronal cells (e. g., endothelial and microglial cells), and
25mM KCI, which promote GC survival through mild depolarization.

To visualize spontaneous GCs activity, pAAV-hSyn-GCaMP6s-WPRE (1ul/mL, titer 2.2 x 10'® vg/mL) was added to the medium.
pAAV-hSyn-GCaMP6s-WPRE was a gift from Douglas Kim & GENIE Project (#100843, Addgene viral prep).'>? Additionally, pAAV-
hSyn-mCherry (1pL/ml, titer 102 vg/mL) was included to enable sparse neuronal labelling for morphological analysis. pAAV-hSyn-
mCherry was a gift from Karl Deisseroth (#114472, Addgene viral prep).

On day in vitro 4 (DIV4), the medium was replaced with fresh Neurobasal medium supplemented with 10% FBS, 0.5% serum-free
supplement B-27, 100 I.U./mL of Pen-Strep, 10uM cytosine arabinofuranoside, and 5mM KClI to facilitate functional synapse forma-
tion. Calcium imaging and morphological analysis were performed on DIV7 neurons.

Granule cell culture calcium imaging recordings and analysis

Calcium (Ca?*) imaging of DIV7 GCs expressing GCaMP8s was performed at the Thunder Imaging System (Leica) at 20x magnifica-
tion. Live-cell imaging culture was performed in a recording chamber maintained at 37°C/5% CO, in artificial cerebrospinal fluid
(@CSF containing in mM: 125 NaCl; 5 KCI; 1,2 KH2PO4; 25 HEPES; 6 Glucose; 2 CaCl2; pH 7,4). Recordings were acquired over
5 minutes, with imaging sampling rate of 300 milliseconds per frame. For each slide, 3-4 view field of view were randomly selected
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for imaging and analysis. Time-lapse image files were analyzed using a MATLAB (MathWorks) script adapted from Sun and Sid-
hof."®” The analysis was conducted using a custom function (GCAMP_multiROl.m) designed to extract fluorescence intensity
from selected regions of interest (ROIs) and quantify calcium activity. To determine ROIls, a median intensity projection of frames
10 to 40 from the first 50 frames was generated for data preview. ROls were manually selected based on fluorescence intensity using
the impixel function. Circular ROIs were created, and the mean intensity within each ROI was extracted across all frames. The raw
intensity traces were then plotted over time to visualize fluorescence fluctuations. Calcium spikes were detected using a threshold-
based method, where the threshold was set as the mean plus 1.5 times the standard deviation of the background signal. The spi-
ke_detection function identified spikes by detecting local maxima above this threshold. Synchronous calcium peaks were defined
as peaks occurring across multiple ROIs within a specified time window. For the analysis of synchronous activity, the synchronous
firing rate was calculated as the number of synchronous peaks per minute. The amplitude of synchronous peaks was determined by
computing the mean AF/Fo across neurons. Baseline fluorescence (Fo) was estimated as the mean of the three lowest intensity values
over various time windows. The relative fluorescence change (AF/Fo) was computed using the formula (F - Fo) / Fo for each detected
peak, and the coefficient of variation (CV) of AF/Fo was determined.

For visualization purposes, synchronous peaks were plotted over time using sparse matrices, providing a clear representation of
synchronized activity. The distribution of spike amplitudes and frequencies was analyzed across ROIs, and AF/Fo traces were over-
laid to compare individual cell responses with the population mean.

Immunostaining on cell culture

DIV7 GCs were fixed with 4% PFA/10% sucrose in 1x PBS. Cells were blocked and permeabilized in 10% goat serum, 0.3% Triton
X-100 in 1x PBS for 1h at room temperature (RT). Next, cells were incubated with primary antibodies overnight at 4°C. After washing
in 1x PBS, cells were incubated with secondary antibodies (1:750, Molecular Probes Alexa Fluor, Life Technologies) at RT for 2h,
washed with1x PBS, counterstained with 4’,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, 1:5000 in 1x PBS) for 10’ and
mounted with Fluoromount aqueous mounting medium (# F4680, ThermoFisher Scientific). The primary antibodies used were mouse
anti-RFP (1:500, #600-401-379, Rockland).

Immunostaining on sections

Animals were transcardially perfused with 4% PFA in PBS and decapitated. Brains were fixed with 4% PFA in 1x PBS and fluores-
cence immunostaining was performed on 50 pm sections obtained with a Leica VT1000S vibratome or on 15 um sections obtained
with Histo-Line MC4000 Cryostat.

Sagittal cerebellar sections were blocked and permeabilized in 10% goat serum, 0.3% Triton X-100 in 1x PBS for 1h at room tem-
perature (RT), then incubated with primary antibodies overnight at 4°C. After washing in 1x PBS, sections were incubated with
secondary antibodies (1:750, Molecular Probes Alexa Fluor, Life Technologies) at RT for 2h, washed and counterstained with
4’ ,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, 1:5000 in 1x PBS) for 10’ and mounted with Fluoromount aqueous mounting
medium (# F4680, ThermoFisher Scientific).

The primary antibodies used were mouse anti-Calbindin (1:1000, #300, Swant), rabbit anti-Pax6 (1:500, #AB2237, Sigma-Aldrich),
rabbit anti-lba1 (1:2000, #019-19741, Fisher Scientific), rabbit anti-BLBP (1:200, #ABN14, Merck Millipore), anti-RFP (1:500, #600-
401-379, Rockland).

AAYV injection in neonatal mouse cerebellum

Injection of AAV into the cerebellum of neonatal WHIM and control mice was performed following established protocols.
PO pups were anesthetized by hypothermia and positioned on a stage. The gauge of a microsyringe (Hamilton Company,
#87930) was inserted 0.5 mm into the molecular layer of the cerebellar vermis and 1 pl of AAV-hSyn-mCherry (Addgene,
#114472) at titer of 10'? vg/ml was injected over 60 s. Pups were revived at 37°C and returned to the litter. Subsequently,
the brain of injected pups was collected by intracardial perfusion at P21. Fluorescence immunostaining was performed on
100 pm cerebellar sections.

138-141

Intraventricular injection of AMD3100
AMD3100 (currently used in clinical trial for WHIM patients: ClinicalTrials.gov: NCT02231879; NCT00967785; NCT01058993) or sa-
line solution was injected into the fourth ventricle of WHIM and control embryos (E12.5) or pups (P1).

Specifically, 1 uL of AMD3100 (1mg/ml, Sigma-Aldrich, #239825) was mixed with 0.005% fast green in sterile saline solution and
administered to WHIM and control embryos at E12.5.

P1 pups were anesthetized by hypothermia. 2 pL of AMD3100 (5mg/ml) mixed with 0.005% fast green in sterile saline solution was
administered to WHIM and control pups. Pups were revived at 37°C and returned to the litter.

The injected embryos underwent behavioral analysis at P7, followed by collection for perfusion and histological characterization at
P7 or P45.

Imaging

Fluorescent images were acquired at the Axioscan 7 Slide Scanner (Zeiss) at 10x and 20x magnifications or at the Thunder Imaging
System (Leica) at 40x magnification. Confocal images were acquired at the SP8 confocal microscope (Leica) at 40x or 63x
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magnifications. Brightfield images were acquired at the Axioscan 7 Slide Scanner (Zeiss) at 20x magnification or at the DotSlide mi-
croscope (Olympus) at 20x magnification.

Image analysis

PCL length measurement

PCL length was assessed in sagittal cerebellar sections at different interaural levels comprising the vermis and the hemispheres
stained with Nissl staining on P45 brain sagittal sections using QuPath (version 0.4.4). Lobules were delineated at the initiation of
the fissure, and a line was drawn along the PCL of each lobule using QuPath. All experiments were conducted on a minimum of 3
biological replicates, considering at least 5 sections per animal at different interaural levels.

Fissure length measurement

Fissure length was measured on PO, P7 and P45 Nissl-stained sagittal cerebellar sections at different interaural levels comprising the
vermis and the hemispheres using QuPath. Starting from the conjunction of adjacent lobules on the surface on the sections, a line
was traced along each fissure. All experiments were conducted on a minimum of 3 biological replicates, considering at least 5 sec-
tions per animal at different interaural levels.

Cell counting

Cell counts were semi-automatically performed using Positive Cell Detection function in QuPath. In brief, regions of interest (ROls)
were manually defined, and intensity thresholds were manually adjusted to segment each marker accurately. Only marker-positive
cells co-stained with DAPI were considered to ensure their identity as cells. The resulting counts were then normalized to the ROl area
to obtain cell density. All experiments were conducted on a minimum of three biological replicates, considering at least 6 sections per
animal. Regions of interest were manually defined and a threshold was set in order to delimitate positive from negative cells. The
same threshold was maintained throughout the whole experiment analysis.

Microglia morphological analysis

Sagittal cerebellar sections of P21 animals at the vermis level were stained with anti-lba1 antibody. Individual cells positive for the
microglial marker Iba1 were binarized and segmented using Fiji (v2.14). The resulting images were skeletonized using the Skeletonize
Plugin for Fiji'** and processed with the Analyze Skeleton function. The number of branches and junctions/cell were obtained from
the Results tables.

Bergmann glia fibers analysis

Sagittal cerebellar sections of P7 pups at the vermis level were stained with anti-BLBP antibody. The number of processes present in
alength of 100 pm of the molecular layer was counted with the Multi-point tool in Fiji. The angle between the line of the fissure and the
closest BLBP" fiber was calculated with the Angle tool in Fiji. All experiments were conducted on a minimum of three biological rep-
licates, considering at least 6 sections per animal.

Purkinje cell morphology analysis

Sagittal cerebellar sections of P21 animals at the vermis level were stained with anti-RFP antibody, in order to enhance the signal of
AAV-hSyn-mCherry. Individual cells positive for the marker Calb1 and RFP were selected and a mask was created using the
Threshold function in Fiji. The resulting images were analyzed using the Neuroanatomy Plugin for Fiji, using the Sholl function.
The number of branches/cell and the dendritic extension were obtained from the Results tables.

Granule cell morphological analysis

At DIV7, individual GCs expressing mCherry were selected for analysis using the Fiji plugin NeurondJ (8-bit images). Each selected
neuron was semi-automatically traced to quantify neurite morphology, including total neurite length and the number of neurites/cell.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data collection and data analysis were performed in a blinded fashion. All statistical tests are indicated where used. Statistical tests
through the manuscript were performed using Prism 8 (GraphPad Prism version 10.0.0 for Windows, GraphPad Software, Boston,
Massachusetts USA, www.graphpad.com) and R (version 4.3.1). After removing outliers and testing for normality (Shapiro-Wilk test),
intergroup differences were analyzed by unpaired, two-tailed Student’s t-test or Mann-Whitney U-test for single comparison, or by
one-way or two-way analysis of variance (ANOVA) with Bonferroni’s multiple-comparison test, as indicated in figure legends. Statis-
tical significance is indicated as *p < 0.05, **p < 0.01, and n.s. > 0.05, as indicated in figure legends. All data are shown as mean +
standard deviation (SD) unless stated otherwise. The exact value of n, as well as what n represents (e.g., number of animals, number
of cells, etc.), is specified in figure legends.
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