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Therapeutic efficacy of intracerebral
hematopoietic stem cell gene therapy in an
Alzheimer’s disease mouse model

Rita Milazzo1,2, Annita Montepeloso 3, Rajesh Kumar3, Francesca Ferro2,3,
Eleonora Cavalca2,3, Pietro Rigoni 1, Paolo Cabras4, Yuri Ciervo 1,
Sabyasachi Das3, Alessia Capotondo2, Danilo Pellin 3, Marco Peviani3,4 &
Alessandra Biffi 1,2,3

The conditions supporting the generation of microglia-like cells in the central
nervous system (CNS) after transplantation of hematopoietic stem/progenitor
cells (HSPC) havebeen studied to advance the treatment of neurodegenerative
disorders. Here, we explored the transplantation efficacy of different cell
subsets and delivery routes with the goal of favoring the establishment of a
stable and exclusive engraftment of HSPCs and their progeny in the CNS of
female mice. In this setting, we show that the CNS environment drives the
expansion, distribution andmyeloid differentiation of the locally transplanted
cells towards a microglia-like phenotype. Intra-CNS transplantation of HSPCs
engineered to overexpress TREM2 decreased neuroinflammation, Aβ aggre-
gation and improved memory in 5xFAD female mice. Our proof of concept
study demonstrates the therapeutic potential of HSPC gene therapy for Alz-
heimer’s disease.

Early during development, a group of myeloid hematopoietic progeni-
tors integrates into the central nervous system (CNS) to provide life-
long support asmicroglia1,2. This cell population exerts crucial functions
for themaintenance of brain tissue homeostasis during development as
well as in adulthood, both in physiological and pathological conditions3.
In fact, microglia cells actively define and reshape the neuronal network
by surveying the neuronal microenvironment, pruning synaptic spines,
and functionally contributing to neuroinflammation4,5. Adult microglia
is a self-maintained population, but following discrete myeloablation
and infusion of hematopoietic stemandprogenitor cells (HSPCs), brain-
residentmicroglia leaves space for transplant-derivedmyeloid cells that
can, in appropriate conditions, arise and settle in theCNS, progressively
acquiring morphologic, antigenic and functional features that render
them similar to microglia6–10.

During the last decade, the contribution of HSPCs to CNS-
associated myeloid cell populations upon transplantation has been

deeply investigated and exploited for therapeutic purposes, demon-
strating unprecedented therapeutic potential in treating monogenic
neurometabolic disorders in gene therapy proof of concept preclinical
studies and clinical trials11–26. In these settings, the engineered
microglia-like cells progressively appearing in the CNS of transplant
recipients act as vehicle for disease‐modulating therapeutics across
the blood brain barrier (BBB) and contribute, with scavenging and
immune surveillance functions, to the modulation of the CNS neuro-
toxic environment towards neuroprotection27–29. However, the benefit
of the procedure is still limited by the slow pace and extent at which
cell repopulation in different CNS regions occur. To address these
limitations, the mechanisms and the conditions favoring the engraft-
ment and generation of microglia-like cells in the CNS have been
extensively studied.

Others and us demonstrated that the engraftment of transplant-
derived cells in the CNS is highly favored by and strictly dependent on
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the recipient’s pre-transplant exposure to a myeloablative regimen
based on the alkylating agent busulfan (BU) that alters the brain
environment, creating space and opportunity for the local engraft-
ment and proliferation of the transplanted cells and their progeny7,30,31.
We also showed that a fraction of the HSPCs that are intravenously (IV)
injected in BU-treated recipients enters the CNS shortly after trans-
plant and proliferates locally, possibly contributing to long-term CNS
hematopoietic donor chimerism7. This process is enhanced and
favored when HSPCs are directly infused in the brain by intracer-
ebroventricular injection (ICV)6.

Here, we challenge further the standard hematopoietic trans-
plantation paradigm by exploiting and combining different HSPC
subsets differentially enriched in long-term hematopoietic recon-
stituting potential, and by exploring different cell-infusion routes to
eventually favor the establishment of a robust and exclusive donor
engraftment in the CNS of recipients. In this setting, we unveil a key
role exerted by the CNS environment in uniquely driving expansion,
distribution and myeloid differentiation of the locally transplanted
HSPCs towards a microglia-like phenotype. Importantly, we then test
the therapeutic potential of engineered HSPC transplantation in the
CNS in an established murine model of Alzheimer’s disease (AD)
obtaining a clear example of efficacy of HSPC gene therapy in an adult
onset,multifactorial neurodegenerative disease, and a proof of benefit
associated with an innovative approach that determines a CNS-
restricted engraftment of the genetically modified transplant
progeny cells.

Results
Competitive engraftment potential of intra-CNS
transplanted HSPCs
Administrationof engineeredhematopoietic stemandprogenitor cells
(HSPCs) in the lateral cerebral ventricles (ICV) of lethallymyeloablated
(BU-based regimen) mice can result in robust CNS-restricted myeloid
engraftment and generation of microglia-like cells6. To study the
mechanisms leading to the engraftment and differentiation of the
CNS-transplanted HSPCs, we performed competitive transplantation
experiments combining the ICV delivery of CD34+-equivalent lineage
negative (Lin-) murine HSPCs with the simultaneous or delayed (after
5 days) intravenous (IV) administration of hematopoietic cell subsets
that are differentially enriched in long-term hematopoietic recon-
stituting activity, namely total bone marrow (BM), Lin- cells and c-kit+

Sca-1+ stem cell-enriched Lin- (KSL) cells. Moreover, we explored a new
intra-CNS delivery approach in the intrathecal lumbar (ITL) space as
alternative to the ICV route. To discriminate the differential con-
tribution of the transplanted and recipient cells, map their progeny
and obtain relevant insights on the mechanism of HSPC engraftment
and differentiation in the CNS, we took advantage of the CD45.1
(donor)/CD45.2 (recipient) allele mismatch and we differentially
labeled the donor cells according to the route of administration, by
using lentiviral vectors (LVs) encoding for different reporter genes
(GFP for CNS-delivered cells and ΔNGFR or Cherry for IV-delivered
cells). Wild type CD45.2 C57BL/6 recipients were pre-treated with BU
used at myeloablative dose (25mg/kg, from days −4 to days −1) to
promote myeloid cell turnover with donor cells in the CNS7. Trans-
planted mice were then euthanized at different time points after the
transplant and the engraftment of the donor cells in the hematopoietic
tissues and CNS was assessed by flow cytometry (FC) and immuno-
fluorescence (IF) (Fig. S1a, b). For each time point, BU-treated mice
transplanted IV with ΔNGFR/Cherry Lin- cells were used as term of
comparison.

Interestingly, in all the combinations tested, we observed a high
competition (in terms of extent of repopulation of the CNS compart-
ment) between the progenies of the HSPCs transplanted through the
intra-CNS versus the IV route (Fig. 1a–c andTables S1, S2; Fig. S1c, e and
f and Tables S3, S4). In particular, the contribution of the CNS-injected

HSPCs exceeded that of the IV transplanted cells in all the tested
conditions, although the number of HSPCs injected in CNS was sub-
stantially lower than those administered IV (0.3 × 106 vs 1 × 106,
respectively) (Fig. 1a–c and Tables S1, S2; Fig. S1c, e and f and Table S1,
S2). The highest competition between the IV and the intra-CNS trans-
planted cells was observed when Lin- cells were employed at both sites
of injection, highlighting the ability of this cell population to efficiently
occupy CNS niches upon both systemic and intra-CNS delivery
(Fig. 1a–c and Tables S1, S2 and Fig. S1c, e and Tables S3, S4). Similar
findings were observed in the spinal cord (Fig. 1a–c and Tables S1, S2;
Fig. S1c, e and Tables S3, S4) with greater representation of the pro-
geny of CNS-delivered HSPCs versus the IV-transplanted counterpart,
particularly at 45 days post-transplant (post-Tx) and especially when
ITL was used for intra-CNS delivery (Fig. 1a). Notably, and at odds with
recent reports32, the combination of intra-CNS and IV HSPC trans-
plantation resulted in an overall enhancement of the myeloid donor
chimerism in the brain and in the spinal cord of transplant recipients,
as compared to the chimerism achieved upon IV-only cell adminis-
tration (Fig. 1a, b and Fig. S1e, f). This observation was confirmed by
employing both the ICV and ITL routes for HSPCs delivery (Fig. 1a–c).
The increased chimerismwas observed as early as 45 days post-Tx and
up to 90 days post-Tx, independently from the time of IV cell delivery
(simultaneous vs delayed) and the cell population employed for IV
(Fig. 1a, b and Fig. S1c, e and f). The difference was no longer observed
at the longest tested timepoint, 240days post-Tx,when the chimerism
of the transplanted cell progeny reached a plateau (Fig. 1c and S1e,f).
The competitive advantage of intra-CNS transplanted cells versus their
IV infused counterpart, and the increased chimerism associated to
combined intra-CNS and IV cell delivery were observed within both
immature, transiently amplifying, CD45hiCD11b+ microglia-like cells
(TAµ) and, even more significantly, within CD45lowCD11b+ cells (pre-
viously definedmicroglia like, µ) that according to our previously work
share a large portion of the phenotypic and transcriptional features of
mature microglia7 (Figs. 1d, S1d and Tables S3, S4).

Interestingly, while both (ICV and ITL) of the intra-CNS routes
of HSPC administration similarly enhanced CNS donor chimerism,
they differentially contributed to marrow hematopoiesis. Indeed,
while ICV injected cells did not contribute to the reconstitution
of marrow hematopoiesis, as previously described6 (Figs. 1a–c
and S1c), the ITL-delivered HSPCs robustly engrafted in the marrow of
ITL + IV co-transplanted mice (Fig. 1a, b) with relevant translational
implications.

Importantly, independently from the cell source and the setting
applied, transplant-derived cells extensively colonized the brain and
showed morphological and antigenic features reminiscent of endo-
genous microglia at confocal analysis, as documented in representa-
tive pictures at 90 days post transplant, by the presence of thin
ramifications and by the expression of microglia antigens (Fig. 1e, f).

Route-specific cell distribution in the CNS after HSPC
trasplantation
Based on the evidence that intra-CNS administration of HSPCs favors
the medium to long-term CNS engraftment of their progeny, we next
assessed whether the route of HSPC administration could also affect
thepatternofdistributionof their cell progeny in theCNS. To this goal,
we first performed a short-term monitoring of cell biodistribution in
the hematopoietic and CNS compartments of busulfan-treated wild
type mice transplanted IV, ICV or ITL with GFP-labeled HSPCs and
sacrified at 1, 5 and 14 days post injection (N = 3 mice/time point/
route). Bone marrow, brain and spinal cord were collected and pro-
cessed for FC and IF analysis (CNS only)(Fig. 2a). At the earliest time
points ( + 1 and +5 days), the donor cells were clearly measurable
only in the brain of ICV transplanted mice, while by day 14 discrete
levels of CNS engraftment were observed in all the tested conditions.
Based on these data, day 14 was chosen as the earliest timepoint to
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comparatively study the biodistribution of the CNS engrafted cells in
the mice transplanted with the different routes by IF analysis. To this
scope, we also analyzed animals at +30, 45 and 90 days post-transplant
to follow the cell distribution over time, with the animals examined at
>30 days post-transplant having received also Cherry_LV-labeled
HSPCs IV, in addition to the GFP-labeled counterpart administered
ICV or ITL, for assuring long-term survival after myeloablation

(Fig. 2b–e). In the latter setting, the biodistribution data were thus
obtained in the more challenging competitive setting.

Interestingly, depending on the route of cell administration, we
observed a differential distribution of the GFP+cells in the analyzed
CNS tissues. At day 14, the progeny of the ICV-transplanted HSPCs was
mostly detectable in the close proximity of the ventricular structure, in
the septum and projecting rostrally and towards the basal forebrain,
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and a few additional clustered cells were observed in themidbrain and
pons (Fig. 2b). Although the time point of observation was very pre-
coucious, already discrete branchings of the GFP+ cells were visible
suggesting an actively occurring differentiation process (Fig. 2g). At
day 30, the GFP+ cells exhibited a preferential distribution across brain
regions surrounding the cerebral ventricular system, exploiting a tra-
jectory which may suggest proximity to the rostral migratory stream,
and confirming the patternof distribution observed at 14 days. Indeed,
clustered cells were also observed in the proximity of the third and
fourth ventricles, in the diencephalon and in the hindbrain, fromwhich
they distributed into nearby regions, colonizing the striatum, the
anterior olfactory area and the brainstem (Fig. 2c). At these early time
points, the distribution of the GFP+ cells in the ITL setting was sub-
stantially different. At the initial time point ( + 14 days), only a limited
quantity of donor cells was documented in the brain by FC and, simi-
larly, only a few and scattered GFP+ cells were identified by IF, with no
evidence of clustering. In the spinal cord, we failed to identify a pat-
tern, as the few detected GFP+ cells were found in different locations
without any obvious clustering. By day 30, the GFP+ cells were mostly
localized in the olfactory bulb and forebrain regions (Fig. 2c). A few
clusters of cells could also be observed in the brainstem, consistent
with its proximity to the spinal cord. Unlike the ICV route, no cells were
retrieved in the subventricular zone and lateral ventricle regions. In the
IV transplant setting, at day 14, very few donor/GFP+ cells were
detected by FC analysis (Fig. 2a) and IF (Fig. 2g) in the brain and spinal
cord of transplant recipients. These few cells showed no specific
clustering and weremostly localized in the proximity of meninges and
blood vessels. Unlike what was observed in ICV-transplantedmice, the
GFP+ cells here displayed a round shape and no branchings, a pheno-
type likely consistent with immature cells (Fig. 2g). By day 30, clusters
of GFP+ cells could be observed in the hippocampus, suggesting a
specific recruitment of IV injected cells in this region (Fig. 2c). A few
cells were also detected in the forebrain region and in the brainstem,
likely infiltrating throughout the brain parenchyma from themeninges
and blood vessels (Fig. 2c). The cells started to present a ramified
morphology at this time point (Fig. 2g).

The analysis at later time points (i.e. 45 days post-transplant)
demonstrated the presence of an abundant donor cell progeny in the
brains of the transplanted animals. This suggests a robust expansion of
the graft that continued up to 90 days, independently of the trans-
plantation route applied. In the competitive settings, there was an
overall relative higher frequency of the intra-CNS versus IV trans-
planted cell progeny in the brain (Figs. 2d, e and S2a). Interestingly, a
route-specific cell distribution was confirmed also in this case. Indeed,
at 45 days, we again observed that the ICV cell progeny in the brainwas
spreading rostrally, in a trajectory in the proximity of the rostral
migratory stream, with many cells localized particularly in the fore-
brain and olfactory region. Notably, GFP+ cells expanded in regions
thatwere poorly colonized at the shorter timepoints, as the cortex and

the cerebellum, unlike IV injected Cherry+ cells whose contribution
remained negligible in these areas (Figs. 2d and S2a, f). At +90 days
post-transplant, the IV-transplanted cell progeny mostly localized in
the thalamus, midbrain, pons and cerebellum, whereas the ICV cell
progeny expanded across all the other regions, with still a preference
in colonizing the cortex (as at +45 days), the hippocampus, the corpus
callosum, and the olfactory bulbs (Figs. 2e and S2a). A unique dis-
tribution pattern of the IV versus intra-CNS transplanted cell progeny
was observed also in the ITL + IV setting (Figs. 2c–e and S2a). While the
Cherry+ progeny of the IV-transplanted cells expanded starting from
the hippocampus to the cortex and the olfactory bulb, confirming the
observations at the earlier time points, the ITL cell progeny pre-
ferentially colonized thehypothalamus, the striatum, the thalamus, the
midbrain regions and the pons, adopting a mutually exclusive dis-
tribution compared to their IV-injected counterparts. When HSPCs
were transplanted only IV, with no intra-CNS HSPC co-delivery, their
progeny distributed also across regions occupied, in the co-
transplanted mice, by the ICV-/ITL-transplanted cell progeny, as the
forebrain, the corpus callosum, the hippocampus and the hypothala-
mus, indicating the physiological tendency of cells to migrate also in
these regions upon transplantation (Fig. 2c–e and S2b). Notably, these
findings were confirmed independently from the timing of IV cell
transplant and the combination of cell source adopted, indicating that
the route of cell administration is themost relevant factor affecting the
regional distribution of the transplant-derived cells.

To quantify and estimate relative cell abundance and distribution,
and precisely map the distribution of the intra-CNS- and IV-delivered
cell progeny in different brain regions at the latest time points, we
acquired and quantified the signal of each reporter gene (in terms of
total area covered by the reporter positive signal divided by the total
area of the corresponding CNS region analyzed) (Figs. 2f and S2c,f).
The accuracy of this measurement was assessed by estimating relative
abundance of the cells expressing the different reporters (intra-CNS to
IV ratio) and comparing it to the data obtained by FC analysis
(Fig. S2d,e), showing a good correlation between the two measures
(correlation coefficient R2: 0.79). Image analysis confirmed the higher
donor chimerism in mice receiving HSPCs both IV and in the CNS
versus IV-only recipients, and the greater frequency of CNS-
administered HSPC progeny versus IV-derived ones in the animals
that received the combined transplant (IV + ICV or IV + ITL) (Figs. 2d, e
and S2a, b).

Route-specific differentiation of HSPC progeny cells in the brain
We then investigated whether the route of cell administration could
affect not only the engraftment, expansion and distribution of the
transplanted cells and their progeny in the brain, but also their
maturation and acquisition of amicroglia-like phenotype. To this goal,
we conducted a morphological branching analysis of the transplant-
derived cells at 45 days post transplant, distinguishing between the

Fig. 1 | Intra-CNS transplanted HSPC cells outperform the IV-transplanted
counterpart in contributing to CNS-myeloid chimerism in a competitive set-
ting. Histograms showing the donor-cell chimerism within the CD45+/CD11b+ cell
population in the Brain [BR], Spinal Cord [SC] and Bone marrow [BM] at 45 (a), 90
(b), and 240 (c) days post transplant (pTX). The progeny of intra-CNS transplanted
cells (CNS Inj.) either ICV or ITL (as indicated), is shown in green, whereas the
progeny of IV administered cells (IV inj.) are shown in blue. On the x-axis different
hematopoietic subpopulations used in each combinatorial setting are shown:
BM=Bone Marrow; Lin = Lineage negative cells; KSL = c-kit+, Sca-1+ Lin- cells.
d Frequency of ICV (green) and IV delivered cells (blue) within the indicated brain
subpopulations (μ and TAμ) at 90 days pTX. Representative dot plots showing the
gating strategy used to identify μ and TAμ subpopulations are shown on the left.
Histograms (a–d) show the mean ± SEM of mice at 45 days pTX [n = 8 IV Lin, n = 9
ICV Lin IV Lin, n = 7 ICV Lin IV BM, n = 9 ITL Lin IV BM mice, n = 3 experimental
replicates], 90days [n = 11 IV Lin,n = 10 ICVLin IVLinand ICV Lin IVBM,n = 7 ICV Lin

IV KSL, n = 5 ITL Lin IV BMmice, n = 4 experimental replicates] and 240 days [n = 4
mice/group, n = 2 experimental replicates]. Statistics for a–d: 1-way ANOVA fol-
lowed by Tukey post-hoc test for comparisons between the contribution of all
donor-derived cells (CNS inj. + IV inj.) among the transplant settings; for additional
statistical information refer to Tables S1 and S2. Source data (a–d) are provided as a
Source Data file. e, f Representative laser scanning confocal microscope micro-
photographs of IF-stained brain sections frommice co-transplanted with Lin- both
ICV and IV, at 90 days pTX [n = 5 slices from n = 3 mice]. ICV-derived cells (green
signal) are stainedwith (e) anti-GFP antibody, IV-derived cells (red signal) with anti-
ΔNGFR antibody, DAPI for nuclei (blue), and (f) Iba1 for microglia cells (arrows
indicate representative co-localizations of Iba1 and GFP/ΔNGFR signals). CTX cor-
tex, OB Olfactory Bulb, STR striatum, HPC hippocampus, CB Cerebellum. Magni-
fication 40x. M= merge. Images were acquired at Leika SP2 confocal microscope.
Scale bar (e, f) = 50 µm.
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progeny of the IV-versus intra-CNS-transplanted HSPCs in the co-
transplant setting. We analyzed microglia-specific parameters (see
methods for details) as per literature33 and extrapolated two criteria to
provide a morphological description of the transplanted cell progeny
differentiation within the complex environment of the CNS: the total
length of ramifications (Sum Length) and the complexity index (CI),
defined as the ratio between the total number of branches of each cell

(where a branch is the segment between two nodes), and the number
of primary ramifications (defined as the segments connected to the
cell body) (Fig. 3a). We also performed an automated Sholl analysis34,
to study the radial distribution of branches around the cell body by a
quantitative method and gain information on the spatial distribution
and the complexity of the cell arborization pattern (Fig. 3a). The ana-
lysis was performed on several individual cells from different brain
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regions based on reporter gene expression. The branching analysis
revealed significant differences between the progeny of the IV versus
intra-CNS transplanted HSPC (the ICV- and ITL-transplanted HSPC
progeny cells shared similar features). Indeed, the progeny of the ICV-
and ITL-injected cells showed a higher sum length of ramifications as
compared to cells derived from IV-transplanted HSPCs in most of the
brain regions analyzed (Fig. 3b and Table S5). The results of the CI
analysis showed a similar tendency for the progeny of the intra-CNS
transplanted cells to exceed the morphological complexity of the IV-
transplanted cell progeny in the same regions (Fig. 3c and Table S5).
Interestingly, the olfactory bulb, which is the region more abundantly
and more rapidly reconstituted by the progeny of the transplanted
cells, represents an exception as we observed an equal complexity of
ICV vs IV co-injected cells (Fig. 3c and Table S5). Additional parameters
were evaluated with the Sholl analysis to describe the morphology of
intra-CNS and IV-transplanted progeny cells. We selected the Sum
intersections and number of intersecting radii to characterize
transplant-derived cells as per complexity and spatial extension of the
cell arborizations, respectively. By analyzing the relationship between
these two parameters, we observed that the population covering the
greater surface and displaying more arborizations (and occupying the
upper right—UR—quadrant in the graphs of Fig. 3d) was the progeny of
the intra-CNS transplanted cells. In particular, these cells showed a
structurally mature phenotype in different regions, such as the cortex
and the hippocampus, as compared to the cells derived from IV-
transplanted HSPCs in the co-transplanted mice (Fig. 3d, e). Overall,
this analysis confirmed the results obtained with the branching ana-
lysis and suggested thatHSPCadministrationdirectly in theCNS favors
the maturation of the transplanted cell progeny and its differentiation
towards highly ramified microglia-like cells.

Gene expression profile of HSPC progeny cells
To investigate further the role of the CNS environment in driving the
differentiationof transplant-derived cells,we analyzedby real timePCR
the expression of microglia genes, including homeostatic genes
(Tmem119, Tgfbr1, P2ry13, Mertk, and Olfml3, CX3CR1, CSF1R)35–39and
transcriptional factors (Jun, Mafb, Mef2a)40 from isolated transplant-
progeny cells (Fig. 4). To this goal, we FACS-sorted transplant-derived
brain subpopulations according to CD45 and CD11b expression, dis-
tinguishing CD45highCD11blow TAμ and CD45+/lowCD11bhigh μ subsets
from single IV-injected and co-transplanted (ICV/ITL + IV) mice at 45
days post-transplant.WithinTAμ andμ, GFP+ (from intra-CNSdelivered
HSPCs) andΔNGFR+/Cherry+ (from IV-injected HSPCs) cells were FACS-
sorted separately. We selected an early post-transplant time point
(45days) to increase our ability to identify early patterns of cell differ-
entiation possibly leading to the morphometric differences described
at 90 days post-transplant. Indeed, at this time point we observed the
greatest difference between TAµ and µ frequency in the tested trans-
plant conditions and the analysis of these two subsets at this timepoint
could enhance our abilty to capture information about the process of

differentiation and maturation of donor-derived myeloid cells in the
CNS towards functionally equivalent microglia cells. Myeloid cells
sorted from the brain of naïve adults and pups (post-natal day 1- P1)
were used as reference, and values were expressed as fold change to
adult microglia cells. Consistently with our previous data, the
CD45+CD11b+myeloidprogenyof the transplanted cells, independently
from the setting applied, displayed a microglia-enriched signature
comparable to that of the adult naïve microglia (Fig. 4a and Table S6).
Interestingly, we observed differences in the expression of the micro-
glia related genes depending on the route of cell injection employed.
Indeed, a higher expression of both homeostatic genes and transcrip-
tional factors were observed in the progeny of the ICV transplanted
HSPCs, as compared to the progeny of ITL and IV transplanted HSPCs
(Fig. 4a, b and f and Tables S6, S8). These observations were also
confirmed within the µ and TAµ fractions (Fig. 4 c, d and Table S7).
Indeed, only the two GFP+ ICV-derived subpopulations expressed
microglia-enriched homeostatic genes and transcriptional factors at
levels overlapping those of the reference adult naïve microglia, indi-
cating a higher maturation state reached in this transplant setting as
compared to the others (IV and ITL). An intermediate level of expres-
sion of the microglia genes was observed in the ITL-progeny cells.
Notably, transcriptional factors were expressed at above normal level
in the ICV cell progeny, which also showed the highest expression of
microglia specific genes, suggesting that the enhanced expression of
themicroglia associated transcriptional factors could have determined
an early boosting phase driving the differentiation of transplant-
derived cells (Fig. 4c, d and f and Tables S7, S8).

To provide a more complete characterization of the tran-
scriptomic differences between the different myeloid brain sub-
populations retrieved from the transplanted mice we performed a
genome-wide expression analysis by means of an Illumina RNA
sequencing (RNA-seq) platform on a pool of sorted µ and TAµ sub-
populations from mice that were IV, ITL or ICV transplanted 45 days
earlier with LV_GFP CD45.1 HSPCs (N = 2–3 animals/group) (Fig. 4e).
Donor-derived and recipient myeloid cells were identified and sorted
separately according to the expression of CD45.1 and CD45.2,
respectively, within the CD11b brain compartment and characterized
for the expression of microglia signature enriched genes and tran-
scription factors commonly expressed by microglia. To characterize
host microglia and newly formedmicroglia-like cells (µ and TAµ) in the
different settings, we further extended the analysis to apublished gene
set that was previously used for studying microglia and engrafting
myeloid cells across severalmodels ofmicroglia depletion41–44. Overall,
we observed a very similar expression pattern between resident
microglia and corresponding donor-derived µ and TAµ myeloid sub-
populations retrieved from each of transplant settings. A lower
expression of Sall1, commonly associated to yolk sac-derived micro-
glia, was noticed in transplant-derived cells compared to controls,
likelydue to thedifferent ontogeny42. Sall1 expressionwas lower in TAµ
versus µ cells, further supporting the hypothesis of a differential state

Fig. 2 | The route of HSPC administration affects the distribution pattern of
their progeny in the CNS. a Short-term HSPC biodistribution in the bone marrow
(BM), brain (BR) and spinal cord (SC) at 1, 5 and 14 days post-transplant (pTX) in IV
(black), ICV (green) and ITL ( pink) transplanted mice as measured by flow cyto-
metry [n = 3 mice/group across n = 2 experimental replicates]. Data are shown as
mean ± SEM. 2-way ANOVA followed by Tukey post-hoc test pTX (p* = 0.0351,
p**** < 0.0001). Source data (a) are provided as a Source Data file. Distribution of
GFP+ donor-derived cells analyzed at 14 days (b) and 30 days pTX (c) in the brain of
representative IV, ICVor ITL transplantedmice (single transplantations) [n = 4 slices
from n = 3mice/group]. Images were acquired at 25x magnification using Leica SP5
confocal microscopy after tissues clearing. Distribution of donor-derived cells,
labeled with GFP (green signal) or with ΔNGFR/Cherry (blue signal), in repre-
sentative mice transplanted with Lin- HSPCs via ICV+ IV or ITL + IV or IV only
delivery (as indicated) and analyzed at 45 (d) [n = 4 slices from n = 3mice/group] or

90 days pTX (e) [n = 3 slices from n = 4mice/group]. Images were acquired at Delta
Vision Olympus Ix70 for brain reconstruction. The corresponding masks (b–e)
were generated accordingly using Fiji software. Scale bar = 1000 µm. f Graphs
showing theproportionof the total area coveredby theprogenyof IV injectedcells,
labeled with ΔNGFR or Cherry (blue bars), vs the progeny of cells injected ICV or
ITL, and labeled with GFP of mice sacrified at 90 days pTX [n = 4 mice/group].
gHigh resolution confocal z-stacks of selectedbrain regions (with 5 µmstep size) of
IV, ICV or ITL transplantedmice at the indicated time points [n = 3 slices from n = 2
mice/group]. GFP-labeled cells are shown in green, DAPI nuclear stain is shown in
blue. Images were acquired at 25x magnification and processed using Fiji open
source software. Scale bar = 50 µm.CTX cortex, OBolfactory bulb, FB forebrain, CC
corpus callosum, HPC hippocampus, Lv lateral ventricle, THA thalamus, HY hypo-
thalamus, MB midbrain, PO pons, CB cerebellum, IIIv third ventricle, IVv fourth
ventricle.
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of maturation of the two subpopulations. As an additional control, we
analyzed endogenous microglia retrieved from busulfan-treated mice
injected ICV with PBS (sham control), to exclude with the reported
results that the procedure per se could significantly affect the gene
expression profile of resident microglia. In this setting we observed
some differences that might be associated with a response to the
conditioning regimen, this being the only difference when comparing
endogenous microglia from untreated vs transplanted animals.

Notably, in situ RNA analysis of selected genes on cryostatic brain
sections by RNAscope assay confirmed the expression of representa-
tive above-mentioned genes by the ICV/ITL derived cell progeny
(Fig. 4g, h).

Overall, this data indicate that, independently from the route, we
generated microglia-like cells with a signature reminiscent of
microglia.

Therapeutic benefit in an Alzheimer’s disease animal model
Given the exquisite neurodegenerative nature of Alzheimer Disease
(AD), we considered AD as an ideal setting to assess the therapeutic
potential of our CNS-restricted HSPCs transplantation approach. In
particular, we conducted a proof of concept (PoC) of efficacy study
selecting the optimized protocol for ICV delivery of engineeredHSPCs
in a severe animal model of AD that requires timely intervention.
For HSPC engineering we focused on TREM2 (Triggering receptor
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expressed on myeloid cells 2), a microglia cell-surface receptor
required for microglial responses to neurodegeneration. TREM2 is
needed to enhance signaling and to boost the metabolic capacity of
microglia45 and its overexpression through BAC-mediated transgen-
esis showed encouraging results in enhancing the scavenging function
of microglia and pathological phenotypes in AD murine models46.
Importantly, elevated risk of developing AD is associated with hypo-
morphic variants of TREM247. We produced 3rd generation LVs
expressing the human TREM2 cDNA under the control of the human
phosphoglycerate kinase (hPGK) promoter, which has a ubiquitous
robust expression, and confirmed vector-mediated TREM2 expression
in transduced 293 T cells and BV2 murine microglia cell lines by Wes-
tern blot (WB) (untrasduced cells were used as negative control)
(Fig. S3a). We then proved transgene functionality by comparing the
ability to engulf Aβ of mock treated versus TREM2-LV transduced
BV2 microglia cells by a fluorescent imaging system. As expected,
Aβ oligomer engulfment was increased in TREM2-LV transduced BV2
cells as compared to untransduced control cells (Fig. S3b). We then
challenged our approach in transgenic mice with Five Familial Alzhei-
mer’s Disease mutations (5xFAD), an established model of AD that
express humanAPP and PSEN1 transgeneswith a total of five AD-linked
mutations leading to overproduction of Aβ−42 with an accelerated
amyloid plaque pathology similar to that found in patients48. These
mice develop early onset AD disease at approximately 6 weeks of
age, with survival reduced after 10 months. Lin- HSPCs were purified
from the BM of young adult 5xFAD donor mice and transduced with
the TREM2-encoding LV in standardized conditions (see methods
for details). The transduced Lin- cells (0.3−0.5 × 106 /mouse) were
injected ICV in BU myeloablated (25mg/kg/day for 4 consecutive
days), 2 months-old 5xFAD recipient mice, which then received an
unmanipulated BM support administered IV 5 days post-transplant to
rescue peripheral hematopoiesis (2 × 106 total bonemarrow cells from
5xFAD donors). Controls included 5xFAD mice transplanted with
mock- or GFP-transduced 5xFAD Lin- cells, and wild type animals
transplanted with mock- or GFP-transduced wild type Lin- cells, age
matched to treated animals (Fig. 5a). We performed lentiviral Vector
Copy Number (VCN) analysis on the liquid culture (LC) progeny of the
pre-infused cell products and confirmed a similar LV content in the
different settings. In particular, wemeasured VCN values of 8.45 ± 1.34
LV copies/genome in the LC progeny of WT Lin- cells transduced with
the GFP_LV, and of 8.54 ± 1.09 and 10.09 ± 1.52 copies/genome in the
LC progeny of 5XFAD Lin- cells transduced with the GFP_LV and
hTREM2_LV, respectively. Phenotypic assessment and behavioral tests
were then performed on the treated and control animals everymonth,
starting at 4 months until they reached 12 months of age. Indeed, the
5xFAD mouse model develops an age-dependent motor phenotype in
addition to working memory deficits in an alternation task, and
reduced anxiety levels, as revealed in the elevated plus maze (EPM)
task49,50. The EPM test, employed for the assessment of anxiety,

demonstrated a clear disease progression of AD in control animals
(mock/GFP-transplanted 5xFAD mice), while an ameliorated pheno-
type was observed in the TREM2-treated group, as shown at the 12
months-time point (Fig. 5b). For the analysis, data frommock and GFP
transplanted mice were combined, to demonstrate the consistency
across experimental conditions of animals that received identical
treatment, consisting of four doses of Busulfan (25mg/kg) and HSPC
ICV transplantation.

Similar results were observedwith theMorris WaterMaze (MWM)
test (Fig. 5c, d), here used to document cognitive deficits at late stage
of disease (12 months). Indeed, MWM revealed a different ability of
controls vs TREM2-treated animals to travel in the target quadrant
(NW)(probe trial) and to reach a hidden platform over multiple trials
(Figs. 5c, d and S3c). In particular, TREM2-treated animals showed a
lower latency in reaching the platform and covered a significantly
increased distance in the target quadrant (NW) as compared to control
mock-treated 5xFAD animals, with a performance similar to wild type
controls (mock/GFP transplanted wild type mice), indicating a pre-
served memory retention or recall as compared to 5xFAD controls
(Fig. S3c). Moreover, TREM2-treated animals showed a significant
improvement in the latency to find the hidden platform after 5 trials as
compared to controls and a prevention of the deficit of cognitive
flexibility observed in 5xFAD during reversal learning (Fig. 5c, d). After
completing behavioral testing, the study was ended when treated and
control mice reached 12 months of age, with euthanasia and tissue
collection for molecular and histological analyses. Quantification of
lentiviral VCN on the whole brain tissue documented a uniform
engraftment of the engineered cell progeny in both treated and con-
trol animals (Fig. 5e). In addition, hTREM2expressionwasmeasuredon
the brain of the treated animals by RT-qPCR, showing a strong corre-
lation (R2 = 0.99) between protein expression and LV-hTREM2 content
measured as VCN (Fig. 5f). To further measure disease modifying
effects of the transplant, histology was performed on brain sections
from the experimental animals. The extent of neuroinflammation was
quantified by Iba1 and GFAP staining on brain tissue slices
(Figs. 5g–i and S3d). Overall, the expression of Iba1 (Fig. 5g) and GFAP
(Figs. 5h and S3d) was higher in control 5xFAD compared to wild type
animals indicating the presence of both microglia and astrocyte acti-
vation. Instead, TREM2-treated animals showed a significant reduction
of microgliosis (Fig. 5g), particularly in the cortex and hippocampus
region. Moreover, measurement of Aβ accumulation was performed
(Figs. 5j and S3d). Interestingly, the treated animals showed an overall
significant reduction in Aβ deposition levels throughout the brain
(Fig. S3d), thatwas particularly evident in the cortex and hippocampus
(Fig. 5j) with dose-dependency: higher rates of Aβ reduction were
observed in animals showing a VCN in the brain tissue > 0.5, average
value of the study cohorts.

To assess whether therapeutic benefit was indeed related to an
interaction of the TREM2 expressing cells with Aβ plaques, as

Fig. 3 | Direct CNS infusion of HSPCs influences the maturation and differ-
entiation of their progeny towards a microglia-like phenotype in the brain.
a Workflow adopted for branching analysis. Confocal images after maximum
intensity projection (1) are used to select individual microglia cells based on the
expression of fluorescence reporter genes (dotted box). Thresholded image (2) is
used to generate a skeletonized image (3). Cell body ismanually removed from the
image (4). Then, the followingmorphological parameters are extracted: sum length
of all branches (highlighted in red in image (5); complexity index expressed as ratio
between the total number of branches and the number of primary ramifications
highlighted in blue in image (6); Sholl analysis (7). Branching analysis onmicroglia-
like cells engrafted in the brain of co-transplanted injected mice. Total length of
ramifications (Sum Length) (b) and complexity index (c) on multiple individual
microglia-like cells derived from Lin- cells transplanted ICV, ITL or from HSPCs co-
transplanted IV are shown within the indicated brain region. Data from n° cells/
group comprised between 20 and 80 analyzed in n = 4 mice per group across n = 3

experimental replicates, are summarized as mean ± SEM. Source data (b, c) are
provided as a Source Data file. Statistics for b, c: 1-way ANOVA followed by Tukey
post-hoc test. For additional statistical information, refer to Table S5. dCorrelation
between the number intersection radii and the sum intersections for microglia-like
cells derived from HSPCs co-transplanted in the CNS (ICV or ITL) and IV, and
retrieved in the indicated brain regions. The vertical and horizontal dashed lines
divide the graphs in four quadrants, to highlight subpopulations with different
complexity, i.e.: UR = upper right quadrant, for highly complex cells characterized
by high sum of intersections and high number of intersecting radii; LL = lower left
quadrant for cells with low complexity; UL (upper left) and LR (lower right) quad-
rants for cells displaying intermediate complexity between the LL andURquadrant.
e Histograms displaying the percentage of cells retrieved in each of the four
quadrants highlighted in d. Ratios are reported for ICV, ITL and IV co-injected cells
in the total and indicated regions. CTX cortex, OB/FR olfactory bulb/front, STR
striatum, TH thalamus, HPC/SVZ Hippocampus/subventricular zone.
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hypothetized,weperformedan in-situ hybridization (ISH)with aprobe
directed against the Woodchuck Hepatitis Virus (WHV) post-
transcriptional regulatory element (WPRE)51, as a strategy to specifi-
cally identify the LV-transduced TREM2 expressing cells. Indeed, since
WPRE sequence is not present in the mouse genome, ISH for WPRE
allows to detect specifically the distribution of LV-transduced cells in
the tissue52; moreover, as the WPRE sequence was added after the

coding sequenceoTREM2 in the LV expression cassette to stabilize the
therapeutic transcript, the WPRE signal at in-situ corresponds to
TREM2expression. The ISHwas combinedwith IF stainingwith an anti-
Aβ antibody. Through this approach, we could detect abundant
TREM2-expressing cells in the brain of the treated 5xFAD mice; these
cells, which were distributed throught the brain parenchyma, were
particularly abundant in the cortex and hippocampal regions, which
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are the brain areas where Aβ plaques were mostly detected (Fig. 6a).
Interestingly, the TREM2 expressing cells were detected in the close
proximity of the Aβ signal (Fig. 6b) and not in other regions as the
cerebellum, where Aβ plaques were not retrieved (Fig. S3e). To eluci-
date the contribution of these cells to amyloid plaque phagocytosis we
employed activation-associated markers such as CD68 for CNS tissue
stainings on treated animals. Interestingly, the donor-derived micro-
glia like cells identified by WPRE ISH probe positivity and Iba1 staining
in the proximity of amyloid plaques showed an activated morphology
(increased soma size and thickening of processes) and robust
expression of CD68, allowing to hypothesize for them an active role in
reducing the amyloid burden (Fig. 6c–g). On the contrary, microglia
distant from plaques showed in general lower CD68 expression and
showed morphological features characteristic of a more homeostatic/
resting state.

Overall, these data provide clear proof of the therapeutic poten-
tial of HSPC gene therapy in a pure neurodegenerative condition as
well as evidence of therapeutic benefit associated to a CNS-restricted
engraftment of engineered hematopoietic cells.

Discussion
The therapeutic potential of engineered HSPC transplantation in
benefiting selected monogenic neurodegenerative conditions has
been extensively proven inmice and humans53. The engineered HSPCs
exert therapeutic benefit through their mature progeny that repre-
sents a healthy, metabolically competent myeloid population, which
acquiresmicroglia-like features in the CNS, capable of protein delivery
and restoration of the scavenging and homeostatic functions54.
Therefore, enhancing the engraftment, distribution in the CNS and
maturation of the transplanted cells/their progeny towards a
microglia-like phenotype, as well as fine tuning the contribution of the
transplant solely to theCNS could allow to further improve the efficacy
of HSPC-based gene therapy protocols for CNS disorders. To this goal,
we previously proposed the direct CNS-delivery of HSPCs in the lateral
ventricles (ICV) as an approach for favoring the turnover of endo-
genous microglia with donor cells6. Confirming the interest in this
approach, other groups have recently exploited the intra-CNS route of
cell administration by conducting biodistribution studies on differ-
entially transplanted animal model32,55. Intra-CNS transplantation was
used to evaluate the capacity of microglia or peripheral immune cells
to engraft in the brain parenchima of CSF1R-/- mice that lack
microglia43,56. Interesting data were also obtained by transplanting
hPSC-derived primitive macrophage progenitors via intra-CNS injec-
tion (i.e intracranial, transnasal injection)57,58.

In our work, by challenging further the hematopoietic cell trans-
plantation paradigm we unveiled a key role exerted by the CNS
environment in uniquely driving expansion, distribution and myeloid
differentiation of the locally transplanted HSPCs towards a microglia-
like phenotype. Importantly, we also provided a clear example of the

therapeutic potential of this approach that determines a CNS-
restricted engraftment of the genetically modified transplant pro-
geny cells, in amultifactorial neurodegenerative condition, namely in a
severe murine model of AD.

Firstly, we showed that intra-CNS delivery favors the transplanted
HSPC engraftment over IV-delivered cells in a competitive setting. This
was demonstrated by employing two different intra-CNS delivery
routes, ICV and ITL. Both routes are clinically viable. Indeed, despite
the ITL route, here employed for the first time for HSPC delivery, is by
definition a very feasible and poorly invasive intra-CNS delivery route,
protocols allowing the safe administration of drugs, proteins or cells in
the cerebrospinal fluid through ICV delivery are also available in clin-
ical practice59–61. Interestingly, the two intra-CNS routes equally
favored CNS colonization by transplant progeny cells. Importantly,
with both ICV and ITL HSPC delivery, the intra-CNS injected HSPCs
exceeded the IV co-transplanted cells in contributing to the donor-cell
chimerism in the brain in all the tested conditions, despite the number
of cells delivered intra-CNS was substantially lower that the IV dose.
This advantage was particularly evident at the earliest time points and
up to 90 days post-transplant, independently from the setting
employed, with strong clinical implications for diseases in which a
timely and sustained therapeutic delivery to thebrain is essential for an
effective benefit. However, differently from the ICV injected cells that
do not contribute to marrow hematopoietic reconstitution6, ITL-
deliveredHSPCs also robustly engrafted in themarrowof transplanted
mice. This may be attributed to differences in the BBB architecture in
the brain as compared to the spinal cord62. Indeed, despite the blood-
spinal cord barrier (BSCB) has a similar cellular and molecular struc-
ture as the BBB, the lower number of pericytes and reduced expression
of junctional proteins retrieved in the BSCB result in an increased
permeability as compared to the BBB. In accordance, murine spinal
cord microvascular endothelial cells in culture were shown to express
reduced amounts of ZO-1, occludin, b-catenin, VE-cadherin and
P-glycoprotein than brain endothelial cells63. Thus, the characteristics
of the two barrier systems, i.e. the BBB and the BSCB, might be
responsible for some of the differences observed between the two
routes in the colonization potential of the hematopoietic organs.
Notably, and in contrast to recent works32, we observed significantly
higher donor engraftment when a combination of intra-CNS and IV
routes were adopted compared to single IV transplantation up to
3 months post-transplant, indicating a faster early seeding of progeny
cells achieved in the co-transplant setting. These results point out the
clinical relevance of the combination of different HSC transplant
routes, particularly for those diseases where anticipating the time of
clinical benefit is crucial. Different outcomes7,30,31 could be explained
by different methodologies applied, i.e. for the administration of the
conditioning protocol, which is essential to favor robust CNS-
engraftment of the transplant progeny cells, or for HSPC manipula-
tion and transplantation.

Fig. 4 | Direct CNS administration of HSPC promotes the expression of
microglia signature genes in the transplant-derived progeny cells. Expression
of a pool of selectedmicroglia genes (a) and transcription factors (TF) (b) obtained
by qPCR in microglia cells FACS-sorted from the brain of IV only, co-transplanted
animals sacrified at 45 days post-transplant (pTX) and pups (P1) [N = 3mice/group].
Data are shown as mean ± SEM. Statistics for A-B: 1-way ANOVA followed by Tukey
post-hoc. c-d Microglia enriched genes (c) and TF (d) shown in a, b reported as
individual values in µ and TAµ subpopulations. Data are shown as fold change
(calculated as 2 −DDCT) on adult control microglia. P1 mice are used as control of
immaturemicroglia. Mean values ± SEM are shown. Statistics for c, d: 1-way ANOVA
followed by Tukey post-hoc test. e Heatmap of normalized expression values for
microglia genes, TF and F4/80low/high signature genes from Bruttger et al. Genes
(rows) are sorted according to the mean gene’s expression. RNA sequencing was
performed on a pool of animals (n = 3 mice/group) analyzed at 45 days pTX upon
sorting of µ and Taµ subpopulations. Endogenous microglia from untreated or

busulfan-treated mice injected ICV with PBS (sham-control) were used as controls.
Statistical analysis is performed in R, using DEseq2 package. f Expression of
TGFBR1, Tmem119, CX3CR1 and JUN genes obtained by qPCRonGFP (ICV or ITL) or
ΔNGFR (IV) labeledmicroglia-like cells FACS-sorted from the brain of intra-CNS and
IV only transplanted mice [n = 3 mice/group]. Data are shown as fold change (cal-
culated as 2 −DDCT) on adult control microglia. Mean values ± SEM are shown.
Statistics for f: 1-wayANOVA followed byTukey post-hoc test. Source data (a–d and
f) are provided as a SourceDatafile and additional statistical information are shown
in Tables S6–8. g, h Representative laser scanning confocal microscope micro-
photographs of brain sections showing the expression of selected microglia genes
in the brain of intra-CNS co-transplanted mice [n = 5 slices from n = 2 mice/group]
detected with RNAscope. Tissues were hybridized with probes for Tmem 119 (g) or
TGFBR (h) gene (white dots) and their expression was analyzed within CNS (green)
or IV co-injected cells (red). Nuclei were counterstained with DAPI (blue). Scale bar
= 50 μm.
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Interestingly, we also showed that intra-CNS delivery of HSPC is
associated to a specific pattern of distribution of progeny cells in the
brain. As early as 14 days after transplant, the GFP+ progeny of the
transplanted cells was located in the close proximity of the ventricular
structure, projecting rostrally and towards the basal forebrain, in a
trajectory which may suggest proximity to the rostral migratory
stream. Interestingly, these ICV-derived cells already showed discrete
branchings indicating an actively occurring differentiation process.
Notably, and at odd with these findings, the progeny of the IV trans-
planted cells had no preferential location and was mostly identified in
the proximity of meninges and blood vessels, showing a morphology

consistent with immature cells, with a round shape and no branchings.
While the former findings (ICV) are suggestive of anatomical proximity
leading the cell distribution, the latter (IV) are in linewith the emerging
view of the meninges as a potential relevant route for cellular infiltra-
tion to the brain in physiological64 and pathological conditions65,66.
This is possible due to the anatomical distribution of themeninges and
their unique relationship with blood, lymphatic vessel and CSF. In
addition, meninges consist of highly heterogeneous cell populations
including endothelial cells, CNS-associatedmacrophages, blood borne
immune cells as well as meningeal neuronal precursors capable to
respond from their local niche to external chemokine-mediated stimuli
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and promptly react and infiltrate the brain parenchima in pathological
conditions67. The analysis at the subsequent time points post trans-
plant provided additional relevant information. Firstly, the progeny of
the ICV-transplanted cells followed a path reminiscent of the rostral
migratory stream and likely exploited the cerebral ventricular system,
including the lateral, third and fourth ventricles, to diffuse into nearby
regions such as the striatum, the anterior olfactory area and the
brainstem. On the other hand, the progeny of the IV-administered
HSPCs preferentially localized in the hippocampus, as a possible effect
of the secretion of key chemokines as stromal cell-derived factor (SDF-
1/CXCL12), and monocyte chemoattractant protein-1 (MCP-1/CCL2)
from this area, as described in the literature68. The pattern of cell dis-
tribution adopted by ITL transplanted cells became also more appar-
ent, involving the olfactory bulb and forebrain regions as well as the
brainstem, consistently with the proximity to the spinal cord (injection
site). Despite the differences, all three routes shared a common early
colonization of the olfactory bulb/forebrain area. As neural precursor
cells from the subventricular zone have been shown to migrate along
the rostral migratory stream to the olfactory bulb69,70, we could
hypothesize that also engrafted HSPC-progeny cells could follow the
same route of distribution and rapidly reach this region upon IV and
ICV injection. A different way to reach this area could be hypothesized
for cells infused via ITL injection, possibly involving a specific vascular
network. Interestingly, the observation at 45 and 90 days post-trans-
plant, time points where co-transplantation (intra-CNS and IV) was
performed to allowanimal survival aftermyeloablation, allowed also to
assess the relative contribution of the co-transplanted cell progeny to
microgliosis. Indeed,wenoticed that the areaspreferentially colonized
by the ICV-transplanted cell progeny were those closer to the injection
site, from the lateral ventricles to hippocampus, corpus callosum,
olfactory bulbs and up to the cortex, while those preferentially colo-
nized by the ITL-transplanted cell progeny were the midbrain, pons,
hypothalamus and thalamus. Interestingly, in both settings, the pro-
geny of IV co-transplanted cells colonized alternative regions, with a
mutually exclusive pattern. The finding that the transplant cell pro-
geny could adopt a mutually exclusive distribution depending on the
route of cell delivery could be interpreted in different ways. The most
obvious speculation would be that cells directly injected in the CNS
could have an advantage in terms of early occupancy of areas and
niches that would no longer be available for brain immigrant cells
incoming after intravenous injection and/or BM engraftment.
According to the route of administration, cell trafficking into the CNS
could be mediated by intrinsic factors or specialized tissue interfaces
such as the meningeal vasculature or the choroid plexus structure71.
Indeed, the choroid plexus, as critical interface between the systemic
blood circulation and the CSF, exerts an important role in supporting
immunosurveillance and regulation of cell activation and trafficking in
response to pathological insults or specific cytokine milieu, due to the
presence of specialized cell types like dendritic cells or macrophages,

and specific patterns of epithelial adhesion molecule expression that
could be recruited in response to conditioning and HSPC
transplantation72.

Regardless of the route, we confirmed that the progeny of both IV
and intra-CNS delivered cells acquires morphological features typical
of homeostatic microglia. Branching and Sholl analysis demonstrated
that the progeny of intra-CNS transplanted cells has a more complex
morphology as compared to IV co-injected cells, with a higher number
of ramifications and a more enriched arborization network, particu-
larly in the regions in which they preferentially expanded. The obser-
vation that the progeny of the HSPCs transplanted in the CNS has a
greater resemblance to endogenous microglia than the progeny of
cells transplanted IV suggests that the CNS environment could have a
role in favoring and driving their differentiation and maturation. This
hipothesis is supported by several works showing the importance of
the environment for the acquisition of microglial feature43. As descri-
bed by Bohlen and colleagues, isolated microglia kept in culture in
“non-neural” medium drastically reduce the expression of microglial
signature genes, while reversing the loss ofmicroglia identity when re-
infused into thebrain of CSF1R-/-mice56. Therefore, if the transcriptome
of mature microglia could be affected by CNS signaling, it is plausible
to assume that intra-CNS injected HSPCs may differentiate toward
microglia faster than upon IV administration. The olfactory bulb was
characterized by high but equal presence of both IV and intra-CNS cell
progenies in the combinatorial transplants with no morphological
differences, supporting the hypothesis that this neurogenic area may
play a crucial role in the recruitment of engrafted cells independently
from the route of cell injection, as demonstrated by the short term
biodistribution study.

Notably, the results of a transcriptome analyses and of indepen-
dently generated RNAseq data performed on microglia-like cells sor-
ted from the brain of the transplanted mice were in line with our
morphological observations, confirming the expression of microglia
signature genes by newly formed cells with some differences
depending on the transplantation route adopted and the brain sub-
population analyzed. Indeed, the expression of microglia signature
genes35,36,73 and transcriptional factors suchasmafb and jun40, required
for microglia development correlates with the greater maturation
stage of intra-CNS vs IV-transplanted cell origin. The analysis was
performed at an early post-Tx time point (45days) to increase our
ability to identify early patterns of cell differentiation possibly driving
the maturation of transplant-derived cells described at 90 days post-
transplant. According to our experience, this could explain the dif-
ferences observed when comparing our data with those obbtained by
other groups32, by which a downregulation of canonical genes asso-
ciated with resident microglia, like Tmem119, was observed at later
time points (12–13 months post-transplant).

Clearly, despite our transplant-derived microglia-like cells, and
particularly those derived from ICV/ITL transplanted HSPCs, resemble

Fig. 5 | ICV delivery of engineered TREM2 overexpressing HSPCs benefits a
severe murine model of Alzheimer’s disease. a Experimental scheme of
TREM2_LV HSPCs transplantation in 5xFAD mice. Performance of TREM2, mock/
GFP transplanted 5xFADmice andWT controls in the elevated plusmaze (EPM) (b),
analyzedmonthly from4 to 12months and in theMorrisWaterMaze (MWM) test, in
the hiddenplatform(c) and reversal platform trial (d), at 12months (n°mice/group/
time point b: N ≥ 7; c: N ≥ 12; d: N ≥9). Data values (b–d) are shown as MEAN± SEM
[n = 4 experimental replicates]. Statistics (b–d): 2-way ANOVA, Tukey post-hoc test
[(b, p* = 0.0272 p**** < 0.0001), (c, p** = 0.0039, p**** < 0.0001), (d, p* = 0.0231,
p****<0.0001)]. eVCN calculated by ddPCRonDNA from the brain of 5xFAD treated
animals [GFP: n = 9, TREM2: n = 13, n = 4 experimental replicates]. Statistics:
unpaired T test: not significant (P-value: 0.3881). f Correlation between VCN and
TREM2expressionmeasured by SYBRGreenqPCRonbrain from transplantedmice
[n = 6] and on the liquid culture progeny of the infused HSPCs (reference). Corre-
lation analysis: Pearson r =0.9991, R2 = 0.9981, p <0.0001. Signal quantification for

Iba1 (g—cortex, CTX and hippocampus, HPC) and GFAP (h—CTX), on brain from
treated 5xFAD mice (Mock/GFP and TREM2) and controls (WT) at >12months [n°
slices/mouse: g, h CTX: N > 15 slices/n = 3 WT, n = 2 Mock/GFP, n = 10 TREM2;
g, HPC:N > 3 slices/n = 3 WT, n = 3 Mock/GFP, n = 6 TREM2]. Statistics (g, h): 1-way
ANOVA, Tukey post-hoc test (p* = 0.416, p** = 0.0032, p**** < 0.0001). Data from
mock and GFP mice are indicated by clear versus green dots, respectively. i IHC on
brain slices showing the extent of neuroinflammation (Iba1 and GFAP staining)
retrieved inmockvs TREM2 5xFAD transplantedmice at 12months. jQuantification
of Aβ deposits in the CTX and HPC of TREM2 transplanted animals (brain VCN>
0.5) compared to GFP/Mock animals [n > 3 slices/mouse, TREM2 n = 4, Mock/GFP
n = 4]. Mean ± SEM, asterisks indicate significance at unpaired t-test (CTX
p** = 0.0012; HPC p** = 0.0016). Source data (b–h, j) are provided as a Source Data
file. k IHC on brain slices showing the extent of Aβ deposits in the HPC and CTX of
TREM2 and mock/GFP Tx 5xFAD mice at 12 months. IHC in i and k [n > 8 slices/
mouse, n = 3 mice/group].
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their endogenous counterpart, their gene expression profile does not
completely overlapwith that of bona fidemicroglia isolated fromadult
naïve mice, as also reported by others32,74,75. This finding, which could
be related to a different maturation stage between resident and newly
formed microglia or to their different ontogeny, is in agreement with
what reported by recent works that described how bone marrow-
derived cells that colonize the brain parenchyma in response to con-
ditioning or pathology present differences at the trascriptome level
compared with adult microglia of embryonic origin, despite the fact

that they resemble microglia in morphology and in the expression of
many key markers42–44,74,76. Importantly, these differences at the tran-
scriptome level do not necessarily result in functional impairment. On
the contrary, it was demostrated that bone marrow-derived cells are
even more efficient than yolk sac-derived microglia in certain condi-
tions, mostly associated with aging, such as phagocytosis of amyloid
deposits74,77.

To this regard, recent works have shown the potential of bone
marrow derived microglia-like cells as cell-based disease-modyfing
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therapy for AD77,78. In line with these interesting findings, we here
provided experimental proof of concept of the therapeutic potential
of intra-CNSHSPC gene therapy for AD in a severe animalmodel of the
disease. In this setting, we selected TREM2 as a relevant therapeutic
transcript specifically intended at enhancing a disease-specific func-
tion of transplant-derived microglia-like cells for this study. Impor-
tantly, upon ICV transplantation of HSPCs from 5xFAD mutant mice
transduced with a LV encoding the human TREM2 cDNA under the
control of a moderate-strenght promoter, a CNS-restricted engraft-
ment of the TREM2-expressing cells was observed up to 12 months
post-transplant in busulfan myeloablated 5xFAD recipients. This
resulted in substantial disease-modifying effects: a significant ameli-
oration of the behavioral and histopathological diseasemanifestations
was observed, with improved performance of the treated versus con-
trol mice at the Elevated plus maze and Morris Water Maze tests, as
well as reduction of neuroinflammation (astrogliosis andmicrogliosis).

The phenotypic effects observed were accompained by a LV-dose
dependent decrease of Aβ-deposits in treated mice as compared to
mock treated controls. Importantly, using a WPRE ISH probe as strat-
egy to specifically identify the LV-transduced cells in brain sections, we
documented a preferential distribution of the TREM2 expressing cells
in brain regions associated to β amyloid deposits such as the cortex
and hippocampal area and in particular a localization of CD68+TREM2+

cells in an activated state in the close proximity of amyloid plaques.
These evidences thus support the hypothesis that TREM2 micro-

glia could exert a key role in Aβ clearance, in agreement with previous
studies that demonstrated migration of engrafting microglia to amy-
loid plaques in the CNS of chimeric models, followed by secretion of
proteins that in turn promote the Aβ degradation and phagocytosis79.
Notably, the capability to clear Aβwas, as reported, in some cases even
more prominent than that of the resident microglia80.

Of note, despite the proof-of-concept nature of our findings will
require proper adaptation of protocols in a clinical development plan,
it is noteworty to report that, in the presence of anticonvulsant pro-
phylaxis during conditioning administration, no short- or long-term
neurotoxic effects of busulfan were noticed, at least phenotypically as
per regular daily observation and at behavioral studies, nor obvious
and severe signs of neural damage were observed at histopathological
observation of the treated and control mice. Although specific neu-
rotoxic effects of busulfan across epileptogenic and/or other neural
circuits in this Alzheimer’s disease models remain undefined at the
microscopic evaluation, such effects havenot compromised treatment
outcomes nor treated and control mice overall performances.

In conclusion, this work unveiled a key role exerted by the CNS
environment in uniquely driving expansion, distribution and myeloid
differentiation of locally transplanted HSPCs towards a microglia-like
phenotype and showed the robust potential of intra-CNS HSPC gene
therapy for exerting specific therapeutic effects in the CNS, paving
theway for the design of ad hoc gene therapy strategies to treat severe
neurodegenerative disorders.

Methods
The specific protocols covering the studies described in this paper
were performed in compliancewith all relevant ethical regulations and
were explicitly approved by the Italian Ministry of Health, an internal
ethical committee at San Raffaele Hospital (IACUC 573) and the Dana
Farber Animal Facility Institutional Animal Care and Use Committee
(IACUC 15-031). Experiments performed on wild type C57BL/6mice or
C57BL6/Ly5.1 mice (hereafter called CD45.2 or CD45.1 respectively)
were obtained from Jackson Lab or Charles River and maintained at
San Raffaele Hospital and at the Dana Farber Animal Facility. Experi-
ments performed on 5xFAD mice (#034840-JAX) were obtained from
Jackson Lab and maintained at the ARCH animal Facility at Boston
Children’s hospital (approved by the Institutional Animal Care and
Use Committee (IACUC 17-06-3455) and at Fondazione Istituto di
Ricerca Pediatrica Città della Speranza (IRPCDS) animal facility (IACUC
46/2023-PR).

Animals used in the study were housed within temperature and
humidity ranges appropriate for the species, to which they can adapt
withminimal stress and physiologic alteration. Light in animal holding
rooms provided for both adequate vision and neuroendocrine reg-
ulation of diurnal and circadian cycles.

Isolation, transduction and transplantation of murine
hematopoietic cells
Seven/eight-week-old wild type mice were euthanized with CO2, and
the bone marrow (BM) was harvested by crushing bones. After BM
lysis, HSPCs were purified by Lineage- (Lin-) selection using the Milte-
nyi Biotec LineageCellDepletionKit withMagnetic separationwith the
autoMACS™ Separator, following manufacturer’s instruction. For the
isolation of the KSL fraction (c-kit+ sca-1+), Lin- cells were then stained
with rat APC-eFluor 780 anti-mouse CD117(c-kit) (eBioscience, 1:100)
and with rat Pe-cy7 anti-mouse Ly6A/E Sca-1 (Sca-1) (BD Bioscence,
1:100). At the end of the staining the cells were isolated by the cell
sorter MOFLO XDP (Becton Dickinson), according to the expression
of the selectedmarkers. BM cells, isolated Lin- or KSL were transduced
using different Lentiviral Vectors (LVs), for 16 h at Multiplicity
of Infection (MOI) 100 81. The following LVs were used: pCCLsin.
cPPT.humanPGK.GreenFluorescentProtein.Wpre for CNS injected
cells (GFP-LV) pCCLsin.cPPT.humanPGK.DeletedNerveGrowthFactor
Receptor.Wpre (ΔNGFR-LV) or pCCLsin.cPPT.humanPGK.mCherry-
Protein.Wpre (mCherry-LV) for IV injected cells. A fraction of the
transduced cells was cultured for 10 days in vitro in order to assess
transgene expression by cytofluorimetric analysis. Transduced cells
were injected via the tail vein or directly in the CNS bymeans of ICV or
ITL injection into seven/eight-week-old conditioned C57BL6/J female
mice, 24 h after the fourth busulfan dose (25mg/kg x four days,Merck,
cod. B2635), at different concentration according to the different
experimental settings. CNS injected cells (Lin- 0.3 × 106/mouse); IV
injected cells (Lin-1 × 106; BM 3 × 106; KSL 0.5 × 106). 8 weeks old 5xFAD
mice were transplanted ICV with 0.3 × 106 Lin- cells obtained from

Fig. 6 | Characterization of myeloid cells in proximity of amyloid plaques in
TREM2 5xFAD treated mice. a Representative epifluorescencemicroscope image
reconstruction of a LV_TREM2 transplanted 5xFADmouse showing the enrichment
of transduced cells (identified throughRNAscopewithWPRE-specific probe, in red)
in the cortex and hippocampus, in proximity to Aβ deposits, highlighted by IHC (in
green). DAPI nuclear stain is shown in blue. Images were captured at a 20x mag-
nification. Scale bar = 1mm. N = 5 brain slices from n = 2 mice were analyzed.
b Representative laser scanning confocal microphotographs of the cortex and
hippocampal region from the brain of 5xFAD TREM2 transplanted mice (top and
central figure) analyzed in a or in aWTmouse (bottom) used as negative control to
demonstrate the specificity of Aβ amyloid and WPRE. Images were captured at a
40x magnification with a 1.5x digital zoom using a Leica SP5 scanning confocal
microscope. CTX cortex, HPC hippocampus, THA thalamus, SVZ sub ventricular
zone. Scale bar = 50 µm. c Representative laser scanning confocal

microphotographs of the cortex and hippocampal region from the brain of a
representative TREM2 transplanted mouse showing that reactive Iba1+ microglia/
myeloid cells localized in close proximity to beta amyloid plaques are immuno-
positive for CD68. Images were captured at a 40x magnification with a 1.5x digital
zoom using a Leica SP5 scanning confocal microscope. Scale bar = 50 µm. d Single
channels of the ROI highlighted in the dashed square in c. Scale bar = 25 µm.
e Representative laser scanning confocal microphotographs of the hippocampal
region from the brain of 5xFAD TREM2 transplantedmice showing the presence of
WPRE probe positive signal in CD68 positive cells in proximity of beta amyloid
plaques. Scale bar = 50 µm. f Single channels of the ROI highlighted in the dashed
squares in e. Scale bar = 25 µm. g Orthogonal view of the cell highlighted by the
arrow in f. Scale bar = 25 µm. Images in c-g were analyzed in N = 4 brain slices from
n = 3 mice.
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5xFAD donors (6–8 weeks old) and transduced at MOI 100 with a
TREM2 expressing LV (pCCLsin.cPPT.humanPGK.Trem2.Wpre) as
described above. 5 days post transplantation, 2.0 × 106 BM cells from
5xFAD donors were provided IV for hematopoietic rescue. Mice were
conditioned with 25mg/kg of busulfan for 4 days prior to transplant
and provided with Diazepam to avoid seizures.

Diazepam solution (available at 5mg/mL) was provided daily in
the drinking water starting for a total of 10 days with progressive
decreases in drug dose (0.25mg/kg used for the first 8 days, then dose
decreased in the two following days to 0.125mg/kg −0.063mg/kg and
removed).

5xFAD mice transplanted with 0.3 × 106 GFP-transduced Lin-cells
ICV were used as control.

Intracerebroventricular injection (ICV). ICV transplantation was
performed by surgery, upon anesthesia (ketamine (100mg/kg) and
xylazine (10mg/kg). The head of the mouse, shaved and disinfected,
was fixed with ear bars in a stereotactic frame and the skin was dis-
closed longitudinally. Bregma was visualized and coordinates were
recorded. From bregma, injection coordinates (1mm lateral, −0.5mm
anterior) were adjusted before the cranial bone was enclosed under
visual control with a drill head of 0.7mm diameter. Five µl of the cell
suspension (0.3 × 106 cells) were injected through a 10 µl Hamilton
syringe upon insertion into the brain 2.5mm distal from the cranial
bone. Following wound closure, animals received a single dose of ati-
pamezole (1 µl/g) and were maintained in sterile conditions.

Intrathecal lumbar injection (ITL). ITL transplantation was performed
under anaesthesia with isoflurane (4% induction, 2.5%maintenance). A
10 µl Hamilton syringe connected to a 30-gauge needle containing 5 µl
of cell suspension was introduced into the intervertebral foramen
between L5 and L6 through the intact skin. Slow administration of
0.3 × 106 cells/mouse was performed once the proper position of the
needle was confirmed by tail flick reflex. At the end of the procedure,
animals received a single i.p. injection of atipamezole (1μl/g) as
analgesic and returned to the cage. Prophylactic Antibiotic (Genta-
mycin Sulfate, 80mg/250mL) was administered via the drinking water
for 2 weeks following conditioning and transplantation.

Mouse tissue collection and processing for flow cytometry and
histology
Mice were euthanized under deep anesthesia by extensive intra-
cardiac perfusion with cold PBS for at least 10–15min/mouse after
clumping the femur. The procedure was stopped only when complete
liver blanching was observed to avoid contamination with circulating
blood cells. Organs were then collected and differentially processed.
BM cells were collected from the clumped femur as described. Brain
was removed and the two hemispheres weredifferently processed. For
immunofluorescence analysis, one hemispherewasfixed for 24 h in 4%
PFA, embedded in OCT compound and stored at −80 °C, after equili-
bration in sucrose gradients (from 10 to 30%). For flow cytometry
analysis, cells from the other hemisphere were mechanically dis-
aggregated to obtain a single cell suspension in 20ml of GKN/BSA
buffer (8 g/L NaCl, 0.4 g/L KCl, 1.42 g/L NaH2P04, 0.93 g/L Na2HP04,
2 g/L D+ Glucose, pH 7.4 + 0.002% BSA). The same protocol was used
to process the spinal cord. Cells from BM and CNS tissues (brain and
spinal cord) were analyzed by FC upon re-suspension in blocking
solution (PBS 5%FBS, 1%BSA) and labeling at 4 °C for 15min with the
following specific antibodies: rat PE anti-mouseCD45 (BDPharmingen)
1:100; rat APC anti-mouse CD45 (BD Biosciences) 1:150; rat Brilliant
Violet 510 anti-mouse CD45, (BioLegend) 1:150; rat Pacific Blue anti-
mouse CD45.2 (Bio Legend) 1:100; mouse PE anti-Mouse CD45.1 (BD
bioscience) 1:100; rat APC anti-mouse CD11b (eBioscience) 1:100;
mouse Alexa Fluor 647 anti-Human CD271 (NGF receptor) (BD Phar-
mingen) 1:30; rat APC 780 anti-mouse CD11b (eBioscience) 1:100; rat

APC 780 anti-mouse CD117(c-kit) (eBioscience) 1:100; rat PE-Cy7 anti-
mouse Ly-6A/E Sca-1 (Sca-1) (BD Bioscence) 1:150. 7-AAD (1mg/ml)
(Sigma-Aldrich) or DAPI was added to the cells prior to analysis for
dead cell exclusion. Samples were analyzed by LSR Fortessa (Beckton
Dickinson).

Immunofluorescence analysis
Brains were serially cut in the sagittal planes on a cryostat in 15 µm
sections. Tissue slides were washed twice with PBS, air dried and
blocked with 0.3% Triton, 2% BSA, 10% NGS (Vector Laboratories) for
2 h. Then sections were incubated over night with primary antibodies
diluted in PBS, 0.1% Triton, 2% BSA, 10% NGS at 4 °C as follows; rabbit
anti Iba1 (Wako) 1:100; chicken anti-GFP (Abcam) 1:250; rabbit anti GFP
(Invitrogen) 1:100; mouse PE anti-human CD271 (NGF Receptor) (BD
Pharmingen) 1:50; rabbit anti-cherry (Abcam) 1:100. The secondary
antibodies goat IgG anti-Chicken Alexa Fluor 488, goat IgG anti-Rabbit
Alexa Fluor 488, 546 or 633, goat IgG anti-Rat Alexa Fluor 546 or 633,
goat IgG anti-Mouse Alexa Fluor 546 (Molecular Probes, Invitrogen)
were diluted 1:500 in the same blocking solution used for primary
antibodies staining and incubated with sections for 2 h at room tem-
perature. Nuclei were stained with Topro III (Molecular Probes, Invi-
trogen) 1:1000 in PBS or by DAPI (Roche) 1:30 in PBS. Slices were
washed in PBS, air dried and mounted with Fluorsafe Reagent (Cal-
biochem). Not transplanted mice were used as negative controls for
the reporter transgene staining. Incubation with secondary antibody
alone was performed in order to exclude the background signal.
Samples were analyzed with a confocal microscope (Zeiss and Leica
TCS SP2; Leica Microsystems Radiance 2100; Bio-Rad) (λexcitation =
488, 586, 660). Fluorescent signal was processed by Lasersharp
2000 software. Images were imported into Adobe Photoshop CS
8.0 software and processed by using automated level correction. For
the reconstruction of brain sections, a fluorescence microscope Delta
Vision Olympus Ix70 was used for the acquisition of the images, which
were then processed by the Soft Work 3.5.0 software. Images were
then imported into the Adobe Photoshop CS 8.0 software and
reconstructed.

Branching analysis
The branching analysis was performed with ImageJ software using an
automatic Macro, developed in the lab for standardizing the proce-
dure, onmultiple individual cells (comprised between 20 and 80) from
different brain region of transplanted mice. Cells were identified
according to the expression of different fluorescent markers (GFP/
Cherry/ΔNGFR) and validated reproducing the same analysis on Iba-1+
stained cells. Automated Sholl analysis was performed by applying the
same strategy, to study the radial distribution of microglia branches
around the cell body. The sum intersections and number of intersec-
tion radii were selected as parameters to characterize donor derived
cells, in terms of complexity and spatial extension of the cell arbor-
izations, respectively.

Area signal quantification
For area signal characterization, a mask was created from splitted
channel images by using Fiji program. The positive signal was then
converted in colored spotted signal to differentially mark CNS vs IV
transplanted cells. For signal quantification, a deeper analysis was
conducted on splitted channel images upon removal of background
noise and identification of region.

Tissue clearing procedure, image acquisition and processing
Tissue clearing procedure82 was applied on 2mm-thick sagittal brain
section for the characterization of the distribution pattern of short-
term immigrant cells in the CNS of transplanted mice on a whole-
mount 2mm-thick sagittal brain section (Tissue Clearing kit,Binaree
Inc., Republic of Korea).
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In particular tissues were a) soaked in Starting Solution overnight
at 4 °C; b) transferred to Solution A at 37 °C for 24 h, followed by three
20-minute washes in distilled water at 4 °C; c) immersed in Solution B
at 37 °C for 24 h, followed by four 30-minute washes in distilled water
at 4 °C; d) stained with Nuclei staining solution (DAPI 10 µg/ml in dis-
tilled water) for 2 h at 4 °C, followed by three 10-minute washes in
distilled water at 4 °C; e) placed inMounting Solution at 37 °C for 24 h
and then stored at room temperature for imaging.

A z-stack of 400–500 μm thickness (with 20 μm intervals) was
obtained in both the UV and FITC channels to visualize the DAPI-
stained nuclei and GFP+ cells, respectively. A composite image was
generated through stitching. Four partially overlapping acquisitions
were performed, focused on four different brain subregions (fore-
brain, hippocampus/midbrain, cerebellum and brainstem). Full brain
was reconstructed by manually merging the four acquisitions (with
GIMP v.2.10.8 open-source software.

Selectedbrain regions of interestwere acquired athigh-resolution
on the z-axis by capturing a z-stack image of 400–500 μm thickness
(with 5 μm intervals) at 25x magnification with a Leica SP5 scanning
confocal microscope.

In-situ hybridization and immunohistochemistry in combina-
torial transplant settings
For the analysis of microglia enriched genes, cryostatic brain sections
were processed and stained using the RNAscope 2.0 kit (cat#310095,
Advanced Cell Diagnostics, Hayward, CA), following the Fixed-frozen
tissue sample preparation and pre-treatment protocol according to
manufacturer instructions. Perfusion and post-fixation in paraf-
ormaldehyde were performed as described above. After equilibration
in 30%phosphate buffered sucrose solution, 14 µmthickbrain sections
were mounted onto Superfrost Plus glass slides using a cryostat.
Detection of Tmem119 and Tgfbr1‐mRNA was performed using the
RNAscope® Fluorescent Multiplex Assay with a probe set targeting
base pairs 2–1106 of mouse Tmem119‐mRNA (Cat No. 472901-C2,
Advanced Cell Diagnostics, Inc., Newark, CA) or base pairs 2257–3252
of mouse Tgfbr1-mRNA (Cat No 406201, Advanced Cell Diagnostics,
Inc., Newark, CA). Briefly, the sections were air dried for 20min,
washed in PBS and subsequently immersed in boiling 1x Target
Retrieval solution for 5min. After washing in distilled water and 100%
ethanol for 2min each, the sections were incubated with Protease IV
solution for 30min at 40 °C in a humidified tray. After washing in
distilled water for 2min, the sections were then hybridized with target
probes for 2 hr at 40 °C followed by amplification solutions 1 (30min),
2 (15min), 3 (30min), and 4 (15min) at 40 °C. Between each amplifi-
cation step, the sections were rinsed in 1x Wash Buffer for 2min at
room temperature. Finally, the sections were counterstained with 4’,6‐
Diamidine‐2’‐phenylindole dihydrochloride (DAPI) for 30 s and cover-
slipped in PVA‐DABCO. Images were acquired at Delta Vision
Olympus 10x.

In-situ hybridization and immunohistochemistry in 5xFAD
mouse model
Brain samples from 5xFAD mice were processed for immunohis-
tochemistry by Neuroscience Associates, Inc for Iba1, GFAP and β
amyloid detection. After equilibration in sucrose gradients (from 10 to
30%) and 24 h treatment with 4% PFA, samples were embedded in a
gelatin matrix using MultiBrain®Technology. The blocks were rapidly
frozen, after curing by immersion in 2-Methylbutane chilled with cru-
shed dry ice and mounted on a freezing stage of an AO 860 sliding
microtome. The MultiBrain® blocks were sectioned coronally with
desiredmicrometer (μ) settingon themicrotome. All sectionswerecut
through the entire length of the specimen segment and collected
sequentially.

For immunohistochemistry, free floating sections were pro-
cessedd for IF as per internal protocols. All incubation solutions from

the blocking serum onward use Tris buffered saline (TBS) with Triton
X-100 as the vehicle; all rinses are with TBS. After a hydrogen peroxide
treatment and blocking serum, the sections were immunostained with
the primary antibodies (i.e anti-Iba1, anti-GFAP), and incubated over-
night at room temperature. Vehicle solutions contained Triton X-100
for permeabilization. Following rinses, a biotinylated secondary anti-
body was applied. After further rinses Vector Lab’s ABC solution (avi-
din-biotin-HRP complex) was applied. The sections were again rinsed,
then treated with diaminobenzidine tetrahydrochloride (DAB) and
hydrogen peroxide to create a visible reaction product. Following
further rinses, the sections were mounted on gelatin coated glass
slides, air dried. The slides were dehydrated in alcohols, cleared in
xylene and coverslipped.

The identification of LV-transduced cells in the tissues of trans-
planted 5xFAD mice was performed through in-situ hybridization for
WPRE on 20 μm brain slices. The protocol was optimized to allow the
co-detection of WPRE as well as amyloid beta, CD68 and Iba1 (stained
with immunohistochemistry) on the same tissue slice. Firstly, a stan-
dard immunohistochemistry protocol was performed. Briefly, brain
sections were blocked for 1 h at RT in blocking buffer (NGS 10% or
BSA 3%, 0.3% Triton X-100 in PBS pH 7.4). The primary antibodies
used were Mouse anti-B-Amyloid (1:500, BioLegend, SIG-39320),
Rat anti-CD68 (1:100, BioRad, clone FA-11, MCA1957T) and Rabbit anti-
Iba1 (1:500, Fujifilm Wako, 019–19741). After three washes with PBS,
the sections were incubated with Biotinylated Goat anti-Mouse IgG
(H + L) (1:200, Vector Labs, BA-9200), Biotinylated Goat anti-Rat
IgG (H+ L) (1:200, Vector Labs) or Biotinylated Donkey anti-Rabbit
IgG (H+ L) (1:200, Biotium, 20191), respectively, followed by 30’
incubation at RT with HRP-streptavidin conjugate (1:100, AAT Bio-
quest, 16920) and Cy3 tyramide (1:1000, AAT Bioquest, 11065) or Cy2
tyramide (1:1000, AAT Bioquest, 45100). Before starting the in-situ
hybridization protocol, Avidin/Biotin blocking kit (ABCAM, AB64212)
was used following manufacturer’s instructions to saturate any avail-
able biotin-binding surface in the tissue. Slices were fixed with PFA 4%
and left to dryO/NatRT. In-situ hybridizationwasperformedusing the
RNAscope Probe WPRE-04 (Biotechne, 540341), initially blocking
peroxidases through the RNAscope H2O2 followed by protease treat-
ment according to the manufacturer instructions (ACD, Biotechne,
322381) and subsequently amplifying the target signal with the RNA-
scopeMultiplex FluorescentDetectionKit V2 (ACD, Biotechne, 323110)
and associating it with the Cy5 tyramide fluorophore (1:1000, AAT
Bioquest,11066). Images were captured at a 40x magnification with a
1.5xdigital zoomusing a Leica SP5 laser scanning confocalmicroscope.

Gene expression analysis in sorted population from
transplanted mice
Total RNA was extracted with the RNeasy Plus Micro kit (Qiagen) from
sorted myeloid brain populations, RNA quantity was determined using
QuantiFluor® RNA system and QuantusTM Fluorometer (Promega).
cDNA was generated starting from 1ng up to 100ng of purified mRNA
by using SuperScript VILO Master mix (Thermo Fisher Scientific). cDNA
was then pre-amplified using Custom Taqman® PreAmp Pools (Thermo
Fisher Scientific). Thermal cycling for cDNA generation and pre-
amplification was performed on T100 Thermal cycler (BIO-RAD) fol-
lowing manufacturer’s instructions. Gene expression analysis was
performed using a customdesign TaqMan-basedmicrofluidic card gene
expression assay (Applied Biosystems). Real time PCR was run in stan-
dard mode on Applied Biosystems® ViiATM 7 Real-Time PCR System,
using the following thermal cycling conditions: one cycle at 50 °C for
2min, one cycle at 95 °C for 10min, 40 cycles at 95 °C for 15 s and 60 °C
for 1min (Applied Biosystems). The ViiATM 7 Software v1.2.2 was used
to extract raw data. The difference (dCT) between the threshold cycle
(CT) of each gene and that of the reference gene (mean of HPRT and
r18S CTs) was used to determine gene expression. Fold change
expression of selected microglia genes was calculated by 2−ddCT method.
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The RNA-seq gene expression analysis was performed on addi-
tional samples, corresponding to different combinations of route of
administration (IV, ICV, ITL and CTRL), brain subpopulation (µ, Taµ,
PBS) and markers (CD45.1, CD45.2). The complete design matrix
reporting the characteristics of each sample is available as Source data
in a Source data file.

Raw sequencing files were investigated for QC and aligned to the
reference mouse genome mm39 (Genome assembly GRCm39) using
STARworkflow83, obtaining, as a result, the gene-based countmatrices.
Poorly-detectedgeneswith a cumulative reads count smaller than 10or
measured (reads count>0) in less than two samples were filtered out.

Statistical analysis has been performed in R84, using DEseq2
package85. Gene counts have been modeled using a negative binomial
model. Normalized data are used for the heatmap representations and
are available as Source Data in a Source data file.

Sybr green quantitative qPCR
hTREM2 expression was detected on brain tissue extracts by qPCR
using a SYBR Green Kit with primers and probe from Thermofisher
(Catalog number: 4448892, Hs01003898_m1, Product size: 91 bp, Dye:
FAM). Primers for hTREM2 were preliminary validated on human
THP1 cells, amonocytic cell line that constitutively expresses hTREM2,
and on BV2murine cells transducedwith the LV_hTREM2, both used as
positive controls for hTREM2 expression. All values were normalized
to the housekeeping gene GAPDH. hTREM2 expression was then
measured on the brain of animals transplanted ICV with LV-hTREM2
HSCs at sacrifice at 10 months after the transplant.

Droplet Digital™ PCR (ddPCR) for VCN determination
For VCN determination, ddPCR was performed on genomic DNA
extracted respectively from the liquid culture grown in vitro for
14 days post transduction and from the brain tissues by using the
DNeasy Blood & Tissue kit (Qiagen). ddPCR was ran in duplicate using
20 ng of gDNA as template, ddPCR Supermix for Probes (Bio-Rad
Laboratories Inc) and primers specific for HIV Psi region LENTI (FAM
fluorochrome, forward primer: 5’-TGAAAGCGAAAGGGAAACCA-3’;
Reverse primer 5’-CCGTGCGCGCTTCAG-3’; probe: AGCTCTCTC-
GACGCAGGACTCGGC) and for themurine RPP30-(HEX fluorochrome,
forward primer: 5’-CCAGCTCCGTTTGTGATAGT-3’, Reverse primer 5’-
CAAGGCAGAGATGCCCATAA-3’), located on chromosome 19 of mur-
ine genome.

Poisson statistical analysisof thenumbersof positive andnegative
droplets yields absolute quantification of the target sequence.

Behavioral testing in Alzheimer’s disease mouse model
For phenotypic assessment, asbehavioral tests, the elevated-plusmaze
(EPM) test was performed on the transplanted 5xFAD animals every
month from age 4 months until the age of 12 months and the Morris
Water Maze (MWM) test at study termination (12months of mice age).

The elevated-plusmaze (EPM). The EPMwas performed according to
previously described procedures50,86,87 using a mouse EPM (model
ENV-560A) purchased from Med Associates (St. Albans, VT). All four
arms are elevated 1 meter from the floor, with the drop-off detectable
only in the open arms. The EPM contained two open arms
(35.5 cm×6 cm) and two closed arms (35.5 cm× 6 cm) radiating from a
central area (6 cm×6 cm). A 0.5 cm high lip surrounded the edges of
the open arms, whereas the closed arms were surrounded by 20 cm
high walls. The EPMwas cleaned with Peroxigard before the beginning
of the first test session and after each subject mouse was tested, with
sufficient time for the ethanol odor to dissipate before the start of the
next test session. Room illuminationwas ~30 lux. To begin the test, the
mouse was placed in the central area facing the open arm. The mouse
was allowed to freely explore for 5min. Trials were videotaped and

scored with EthoVision XT video tracking software (version 12.0, Nol-
dus Information Technologies, Leesburg, VA).

Morris Water Maze (MWM). A white, opaque, circular tub (60 cm
depth x 83 cm diameter) was filled to 29 cm deep with water that was
approximately 25 °C. Four visible, distinct shapes were places in each
of the four quadrants inner walls of the tub to formdistinct quadrants.
Trials were videotaped and scored with EthoVision XT video tracking
software (version 12.0, Noldus Information Technologies, Leesburg,
VA). Acquisition training (day 1) consisted of 8 trials per mouse with a
white platform (10 cm diameter) 0.5 cm above the surface of the water
and marked with the red reflector. Each training trial began by low-
ering the mouse into the water close to the pool edge. The start
location for each trial was alternated in a semirandom order for each
mouse. Each mouse started in each of the quadrants twice. Hidden
training (day2–3) consisted of 20 trials permouse, 12 onday 2 and8on
day 3. The platform was placed in a new quadrant, 1 cm below the
water. Each mouse started in each of the quadrants five times. For
probe testing (day 4) the platform was removed and mice started
opposite the position of where the hidden platform had been located.
Mice were allowed to swim for 90 s. Reversal training (day 5 consisted
of 1 trials per mouse, 3 from each starting quadrant. The platform was
placed in a new quadrant, 1 cm below the water. Mice were allowed a
maximum of 90 s to reach the platform. During visible, hidden and
reversal trials, a mouse that failed to reach the platform in 60 s was
guided to the platform by the experimenter. Mice were left on the
platform for 5 s before being removed. After each trial, the subject was
placed in a cage linedwith absorbent paper towels and allowed to rest.
Time spent in each quadrant and number of crossings over the trained
platform location was used to analyze probe trial performance.

Statistics and reproducibility
For the comparison of two groups, we used Unpaired T-test with
Welch’s correction.

For comparisons with more than two groups, one-way ANOVA
followed by Tukey post-hoc test was used; for multiple variable com-
parisons, two-wayANOVA followed by Sidak post-hoc test was applied.
Details on the exact statistical test used as well as the number of
subjects and samples are included in the respective figure legends.
P-values are reported in the respective figure legends whenever pos-
sible or are available as Supplementary information.

No statistical method was used to predetermine sample size. A
biological triplicate (independent experiment) was guaranteed in both
in vitro and in vivo experiments, except where specifically indicated.

Blinding analysis was adopted for behavioral testing in AD mice.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data needed to evaluate the conclusions in the paper are present in
the paper and/or are reported as Supplementary information. Raw
data will be provided upon request to the corresponding authors. The
raw RNA-seq data are deposited in GEO under the accession code
GSE275808, and the RNA-seq and samples’ annotation data are avail-
able in the Zenodo database under accession code 12793606 [https://
doi.org/10.5281/zenodo.12793606]. Source data are provided with
this paper.
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