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Busulfan Conditioning Enhances Engraftment of
Hematopoietic Donor-derived Cells in the Brain
Compared With Irradiation
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Hematopoietic stem cell gene therapy for neurologi-
cal disorders relies on transmigration of donor-derived
monocytes to the brain, where they can engraft as
microglia and deliver therapeutic proteins. Many mouse
studies use whole-body irradiation to investigate brain
transmigration pathways, but chemotherapy is generally
used clinically. The current evidence for transmigration
to the brain after chemotherapy is conflicting. We com-
pared hematopoietic donor cell brain engraftment after
bone marrow (BM) transplants in busulfan- or irradia-
tion-conditioned mice. Significantly more donor-derived
microglial cells engrafted posttransplant in busulfan-
conditioned brain compared with the irradiated, in
both the short and long term. Although total Iba-1*
microglial content was increased in irradiated brain in
the short term, it was similar between groups over long-
term engraftment. MCP-1, a key regulator of monocyte
transmigration, showed long-term elevation in busulfan-
conditioned brain, whereas irradiated brains showed
long-term elevation of the proinflammatory chemokine
interleukin Ta (IL-To), with increased in situ prolifera-
tion of resident microglia, and significant increases in
the relative number of amoeboid activated microglia in
the brain. This has implications for the choice of con-
ditioning regimen to promote hematopoietic cell brain
engraftment and the relevance of irradiation in mouse
models of transplantation.
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INTRODUCTION
After bone marrow transplantation (BMT), donor cells are able to
repopulate the hematopoietic system and transmigrate to tissues
where they differentiate into macrophages,' or microglial cells in
the brain.** Transmigration across the blood-brain barrier (BBB)
is tightly regulated and involves stimulation of MCP-1 (CCL2),
the key driver of homing and engraftment to the brain.>

In parabiosis experiments, where the circulatory systems of
two mice are connected, no transmigration to adult brain was

observed under normal conditions.? Even after irradiation of the
parabiotic recipient, no cells were found to transmigrate across
the BBB compared with the fully irradiated mice receiving BMT.?
After irradiation with brain protection, no brain engraftment was
observed after transplant,® which may be attributed to low chime-
rism because the lymph nodes are also protected.”® Overall, the
literature suggests that brain irradiation, followed by delivery of
a surplus of BM cells, is necessary for transmigration to occur.*’
Irradiation has been shown to stimulate in situ proliferation of
microglia,? disrupt the BBB,'*!! and upregulate cytokines'>** that
may facilitate trafficking across the BBB.

This transmigration pathway has been exploited to deliver
gene-modified hematopoietic stem cells to mouse models of
severe neuropathic lysosomal storage disorders with promising
results."*'* Many mouse studies use whole-body irradiation for
myeloablation; however, chemotherapy with drugs such as busul-
fan, are used clinically. Irradiation and busulfan differ in the way
they influence hematopoietic function; ionizing radiation has an
apoptotic effect, resulting primarily from misrepair of double
stranded DNA breaks; whereas, busulfan, an alkylating agent that
cross-links DNA and also DNA and proteins, acts principally via
an alternative pathway promoting senescence.””’® It is thought
that busulfan induces senescence via a p53 independent pathway,
the extracellular signal-regulated kinase (Erk) and p38 mitogen-
activated protein kinase (MAPK) pathways, in slowly proliferat-
ing and nonproliferating cells, but it can also induce apoptosis in
tumor cells.'® As little is known about how busulfan affects brain
engraftment, we hypothesize that these effects may influence
monocyte transmigration after BMT.

Two other groups have compared brain engraftment after irra-
diation or busulfan conditioning with conflicting results. Lampron
et al. observed no transmigration to busulfan-conditioned brain,
which could be caused by the nonmyeloablative dose of busulfan
(80mg/kg) used;'® whereas, recent work by Capotondo et al. dem-
onstrated brain engraftment after busulfan conditioning, which
was increased compared with the irradiation in two out of five
timepoints.”” However, Capotondo et al. used a mixture of wild
type (WT) and metachromatic leukodystrophy mice as recipients
despite showing significant genotype differences in brain engraft-
ment.”® Furthermore, engrafted microglia were quantified using
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Figure 1 Quantification of total, resting, and activated donor-derived microglia in the brains of busulfan- and irradiation-conditioned
transplant recipients. (a) (i) GFP™ bone marrow (BM) was delivered via the tail vein into mice that had undergone full myeloablative condition-
ing, using either busulfan (Bu) or irradiation (Ir), to investigate the level of brain engraftment after BMT. (ii) Peripheral blood donor cell chimerism
(GFP) was significantly lower in busulfan-conditioned recipients compared with the irradiated (*P < 0.0001) 2 weeks after BMT with full chimerism
reached in both groups by 7 weeks (n = 6/group). (iii) 6 to 9 months after BMT, the number of GFP* cells were counted from six coronal sections
of brain taken from Bregma 0.98, 0.26, —0.46, —1.18, —1.94, and —2.62mm (1 to 6; n = 6 mice/group). (b) GFP* cells (brown; nuclei stained blue)
were counted according to their morphology; (c) ramified or amoeboid (bar = 50um) in both the short (2 weeks) and long term (6-9 months)
after BMT. The overall number of GFP* cells and number of ramified donor-derived GFP* cells in busulfan-conditioned brain was significantly
higher than irradiated brain at both timepoints (P < 0.03). Irradiated brain contained significantly more activated amoeboid GFP* donor-derived
cells long term after BMT (P < 0.001). (d) Distribution of GFP* cells (green) in the primary motor, somatosensory and parietal areas of the cerebral
cortex and the submedial and ventromedial thalamic nucleus of irradiated and busulfan-conditioned brains taken from the same area of Bregma
(=0.46 mm) were visualized using confocal microscopy (bar = 100 um). Arrows show ramified cells and arrow heads show amoeboid GFP™ cells.
Ramified GFP* cells were more likely to be detected in the submedial and ventromedial thalamic nucleus. (e) Significantly more ramified GFP*
cells were detected in all regions of busulfan-conditioned brain (cerebral cortex, hippocampus, and the rest of the brain; P = 0.05) except in the
white matter, long term after BMT. By contrast, significantly more amoeboid GFP* cells were detected in all regions of irradiated brain (P < 0.001)
except in the white matter. Error bars represent the SEM and P values are from Student’s t-test (b and e) or one-way analysis of variance with
Tukey’s multicomparison test (a (ii)). BMT, bone marrow transplantation; GFP, green fluorescent protein.
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Figure 2 Quantification of total, resting, and activated lba-1* microglia in the brains of busulfan- and irradiation-conditioned transplant
recipients. (@) The number of Iba-1% cells were counted in the adjacent set of six brain sections, also according to their morphology, either ramified
or amoeboid (n = 6/group). A significant difference in the overall number and number of ramified Iba-1% cells was detected in the brains of irradiated
(Ir) recipients in the short-term period after BMT (P < 0.01) compared with the busulfan-conditioned (Bu) recipients. No significant differences in
Iba-1% cells were detected in recipients long term after BMT. (b) Colocalization of GFP (green) and Iba-1 (red; nuclei, blue) in recipients in both the
short and long term after BMT at high magnification (bar = 20 um) visualized using confocal microscopy. Error bars represent the SEM and P values
are from Student'’s t-test. BMT, bone marrow transplantation; GFP, green fluorescent protein.

flow cytometric analysis of CD11b and CD45 surface markers,
which are also expressed on monocytes and neutrophils, thus con-
founding the specific identification of microglia in the brain.

To unravel these inconsistencies, we compared donor cell
engraftment in the brains of WT mice after syngeneic BMT using
fully myeloablative whole body irradiation or busulfan condi-
tioning with quantitative immunohistochemistry, which allows
us to identify and accurately enumerate donor microglia by both
cell morphology and specific microglial markers. We found that
busulfan significantly increased donor cell migration and engraft-
ment in the brain both in the short and long term; whereas, irra-
diation increased long-term activation of both donor-derived and
resident microglia and preferentially stimulated proliferation of
resident microglia. Both busulfan and irradiation stimulated neu-
roinflammation but act via different pathways: busulfan stimulates
long-term MCP-1 production that drives transmigration, and
irradiation produces an activated, interleukin 1ot (IL-10) inflam-
matory environment.

870

RESULTS

Busulfan conditioning significantly increases

short- and long-term donor cell brain engraftment
compared with the irradiation after BMT

Mice were fully myeloablated with either busulfan (see
Supplementary Figure S1 for myeloablative dose selection) or
whole-body irradiation and transplanted with enhanced green
fluorescent protein (GFP*) BM (Figure 1a; (i)). Donor blood chi-
merism was significantly lower in busulfan-conditioned recipients
(62%) compared with the irradiated (95%; P < 0.0001) 2 weeks
after BMT, with full chimerism (>98%) achieved in both trans-
plant groups by 7 weeks (Figure 1a; (ii)).

Brain engraftment was measured by counting GFP* cells
in perfused brains at 2 weeks (short term) and 6-9 months
after BMT (long term) (Figure 1a; (iii)). No significant differ-
ences were detected in GFP brain engraftment between 6 and
9 months; therefore, the data for these timepoints were com-
bined. GFP* cells were also counted according to morphology
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Figure 3 Quantification of activated ILB4™" microglia in the brains of busulfan- and irradiation-conditioned transplant recipients. (a) The
number of ILB4™ cells (brown; nuclei, blue) were counted in the adjacent set of 6 brain sections to the GFP stained sections, also according to their
morphology, either ramified or amoeboid (b; bar = 50um; n = 6 mice/group). No significant differences in the overall number and number of
ramified ILB4™ cells were detected in the brains of irradiated (Ir) and busulfan-conditioned (Bu) recipients at either timepoint. Irradiated recipients
contained significantly more amoeboid ILB4* cells compared with the busulfan-conditioned recipients (P < 0.02) in the long-term period after BMT.
() No significant differences were detected in the number of ramified ILB4™ cells in different regions of the brain in transplant recipients in the long-
term period after BMT, except in the white matter where significantly more were detected in irradiated brain (P < 0.02). The number of amoeboid
ILB4™ cells was significantly higher in all regions (P < 0.01) of irradiated brain except the white matter and hippocampus in the long term after BMT
(n = 6 mice/group). (d) Colocalization of GFP (green) and ILB4 (red; nuclei, blue) in transplant recipients at high magnification (bar = 5um) visual-
ized using confocal microscopy. Error bars represent the SEM and P values are from Student’s t-test. BMT, bone marrow transplantation; GFP, green
fluorescent protein.
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Figure 4 Quantification of numbers of proliferating Ki67* cells in the brains of busulfan- and irradiation-conditioned transplant recipients. (a)
To examine the level of proliferation after BMT, Ki67* cells were counted in brain sections taken from Bregma 0.26, -0.46, -1.18, and -1.94mm (2 to 5;
Figure 1a; (iii)) both in the short (n = 4/group) and long term after BMT (n = 3-4/group; one value was excluded as it was >10 SDs outside of the mean).
Proliferation was significantly higher in irradiated (Ir) brain in the long-term group compared with the busulfan-conditioned (Bu) brain. (b) (i and ii)
Ki67™ proliferating cells were identified as Iba-17 and (c) (i and ii) GFAP™ using colocalization immunohistochemistry. Brain sections were visualized using
confocal microscopy at low (b (i) and c (i); bar = 100 um) and higher power (b (ii) bar = 20 um and c (ii) bar = 40 um). The boxed areas in b (i) and ¢ (i)
are magnified in b (ii) and c (ii) respectively. Error bars represent the SEM and P values are from Student’s t-test. BMT, bone marrow transplantation.

(ramified or amoeboid; Figure 1b-d), to distinguish between
surveillant or activated cells respectively,?** and by brain loca-
tion (Figure 1d,e). Significantly more GFP™ cells were observed
in busulfan-conditioned brain compared with the irradiated

872

in both the short (P < 0.03) and long term (P < 0.003) after
BMT, where engraftment in busulfan-conditioned brain in the
long term was double that observed in irradiated. This suggests
increased transmigration of donor cells.
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Figure 5 Quantification of chemokine/cytokines in the brains
of busulfan- and irradiation-conditioned transplant recipients.
Cytometric Bead Array analysis demonstrated upregulation of MCP-1,
MIP-Ta, and IL-Ta in busulfan-conditioned (Bu) and irradiated (Ir) brain
compared with the wild-type controls (P < 0.04; data not shown).
24 hours posttreatment, MCP-1 was significantly elevated in the serum
of busulfan-conditioned recipients (P < 0.04) and in irradiated brain (P <
0.01); G-CSF was significantly elevated in busulfan-conditioned serum
and brain (P < 0.05); IL-Ta was significantly elevated in irradiated serum
and brain and MIP-1a. was significantly elevated in irradiated brain (P <
0.05; n = 7-8/group). At 6-9 months (long term), MCP-1 was signifi-
cantly increased in busulfan-conditioned brain compared with the irra-
diated (P < 0.002) and IL-1o. was significantly higher in irradiated brain
(P<0.01; n=2-4/group). Cytometric Bead Array analysis demonstrated
upregulation of IL-6 in busulfan-conditioned brain (P < 0.001) and
RANTES and irradiated serum (P < 0.001). KC, IL-1B, IL-9, IL-13, IFN-y,
and GM-CSF were below the level of detection at both timepoints. Error
bars represent the SEM and P values are from Student’s t-test.

Furthermore, busulfan-conditioned brain contained more
ramified GFP cells (P < 0.01) at both timepoints and in all areas
of the brain over the long term (P = 0.05), except in the white
matter, whereas irradiated brain contained more amoeboid GFP*
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cells overall (P < 0.001) and in all areas of the brain except the
white matter (P < 0.001; Figure 1b,d,e) in the long term after
BMT, indicating prolonged activation of donor cells. Due to the
structure of the white matter tracts, it was more difficult to distin-
guish between ramified and amoeboid cells and could explain why
no significant differences were detected. In irradiated brain, rami-
fied GFP™ cells were more likely to be detected in the submedial
and ventromedial thalamic nucleus (Figure 1d) which may be
due to its close proximity to the dorsal third ventricle, providing
a potential route of entry to the brain. Overall, fewer GFPT donor
cells were detected in the short term after BMT compared with the
long term, and more amoeboid GFP* donor cells were detected in
the short term after BMT in both busulfan and irradiated groups
suggesting that transmigration of donor cells is incomplete at 2
weeks after BMT.

Irradiation significantly increases the total number

of microglial cells compared with the busulfan
conditioning in the short term

To determine the level of microglial turnover in the niche, the num-
ber of resting and activated Iba-1 microglia® was counted in a set
of adjacent sections (Figure 2a). The number of Iba-17 cells was
much greater than GFP* cells, implying that full repopulation of the
niche by incoming donor cells does not occur under these condi-
tions. A significant increase in the overall number, and number of
ramified Iba-17 cells, was detected in irradiated compared with the
busulfan-conditioned brain in the short term (P < 0.01; Figure 2a).
However, this short-term increase in irradiated brains dropped to a
similar level to busulfan-conditioned brain in the long term, with
no significant differences detected between groups (Figure 2a), sug-
gesting that homeostasis is re-established. GFP* cells in both trans-
plant groups were also Iba-17 at both timepoints demonstrating that
the incoming cells had differentiated into microglia (Figure 2b).

Brain microglia exhibit a more activated phenotype
in irradiated than busulfan-conditioned mice in the
long term after transplant

To measure the level of activated microglia in BMT recipient brain,
we counted the number of ILB4* cells* in the adjacent set of GFP
stained sections (Figure 3a—c). No significant differences in ILB4*
cell numbers were detected at either timepoint, except that more
amoeboid microglia were detected in irradiated brain in the long
term after BMT (P < 0.02; Figure 3a). In the long term after BMT,
more ramified ILB4™ cells were detected in the white matter tracts
of irradiated brains (P < 0.02; Figure 3c) and no difference was
detected in amoeboid cell number, but again, it was difficult to dis-
tinguish between phenotypes in this area. GFP and ILB4 colocal-
ized in both ramified and amoeboid microglia (Figure 3d) showing
that the incoming cells are activated at least to some degree.

Long-term proliferation of microglia is increased

in irradiated brains compared with the busulfan-
conditioned brain

The observed increase in the number of Iba-1* microglia in irra-
diated compared with the busulfan-conditioned brain in the short
term after BMT indicates that there may be a relative increase in
proliferation. We therefore compared the level of proliferation by
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counting parenchymal Ki67% cells in the brain. Ki67™" cells were
significantly increased over baseline (P < 0.01; data not shown)
in the short term after BMT in both groups with no significant
difference detected between transplant groups (Figure 4a). In the
long term after BMT, Ki67* cell numbers reduced, but irradiated
brains retained significantly more Ki67" cells than busulfan-con-
ditioned brain (P < 0.04; Figure 4a). Ki67" cells were character-
ized as Iba-17/GFAP~ (Figure 4b,c) and were predominantly
GFP~ demonstrating that the proliferating cells are not astrocytes
but are mainly resident microglia.

Busulfan exerts a MCP-1-driven promigratory effect
whereas irradiation stimulates an IL-1o-driven
neuroinflammatory environment

To investigate the mechanisms behind transmigration and activa-
tion of microglia, a panel of cytokines and chemokines were ana-
lyzed (Figure 5a). MCP-1, MIP-1c: and IL-1at were upregulated
in busulfan-conditioned and irradiated brain compared with the
WT controls (P < 0.04; data not shown). MCP-1 was elevated in
serum and brain of both groups at 24 hours, remaining elevated
in busulfan-conditioned brain (P < 0.002) long term after BMT.
G-CSF was elevated over irradiated groups in busulfan-condi-
tioned serum (P < 0.001) and brain (P < 0.05) after 24 hours but
was not detectable in either group over the long term.

In contrast, IL-10. was significantly increased in serum (P <
0.01) and brain (P = 0.05) 24 hours after BMT, and brain in the
long term after BMT (P < 0.01) of irradiated compared with the
busulfan-conditioned recipients. MIP-10. was elevated in irradi-
ated brain (P < 0.05) and RANTES was increased in irradiated
serum (P < 0.001) 24 hours after BMT with IL-6 elevated in busul-
fan-conditioned brain (P < 0.001; Figure 5a).

DISCUSSION

This is the first clear demonstration that transmigration and
hematopoietic donor-derived brain engraftment of microglia
is increased in busulfan-conditioned transplant recipients com-
pared with the irradiated recipients in both the short and long-
term period after BMT.

Busulfan-conditioned mice were slower to reach full blood
chimerism compared with the irradiated recipients. Previous
work has shown that irradiation exerts an apoptotic effect on
hematopoietic cells; whereas, busulfan suppresses cells by induc-
ing senescence, allowing donor cells a selective advantage.'” This
could explain the differences in chimerism at 2 weeks after BMT,
with full chimerism achieved in both groups by 7 weeks. In addi-
tion, the use of busulfan in the absence of an immune suppressant
may result in the retention of T cells, unlike irradiation where they
are ablated, and may contribute to this difference in repopulation
kinetics 2 weeks after transplant. We have shown that the percent-
age contribution of T cells in peripheral blood 2 weeks after trans-
plant was much lower in irradiated recipients compared with the
busulfan but after 4 weeks, T cell levels were equivalent and were
maintained over time (Supplementary Figure S2). Furthermore,
it has been shown that the immune function recovers more quickly
in busulfan-conditioned mice compared with the irradiated.>?

Significantly increased donor-derived GFPY' cell engraft-
ment was detected in busulfan-conditioned brain compared with
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the irradiated at both timepoints and was double that observed
in irradiated mice in the long term after BMT. Almost all GFP*
cells detected were also Iba-1", suggesting that engrafting donor
cells at least share some characteristics of resident microglial cells.
MCP-1 is a key mediator of transmigration to the brain>¢ and was
increased in both busulfan and irradiated brain. Although irradi-
ated brain contained higher levels of MCP-1 compared with the
busulfan-conditioned brain initially, the levels were maintained
and were significantly higher in busulfan-conditioned brain in the
long term, suggesting that busulfan continues to exert a long-term
transmigratory effect. Furthermore, G-CSFE, implicated in prolifer-
ation and mobilization of hematopoietic cells,” may also contrib-
ute to enhanced brain engraftment after busulfan conditioning.

These data conflict with the observations made by Lampron
et al., where no brain engraftment was observed in busulfan-con-
ditioned mice after transplant.'” This difference may be due to the
lower dose of busulfan conditioning used; 80 mg/kg compared with
a fully myeloablative dose of 125 mg/kg® used in our study. We were
able to confirm that 125mg/kg of busulfan, in this formulation at
least, was comparable with 10 Gy of irradiation, whereas at the same
time, demonstrating that 75-100 mg/kg busulfan was nonmyeloab-
lative in C57BL/6 recipients (Supplementary Figure S1). This could
lead to the limited elevation of MCP-1 Lampron et al. observed after
transplant, thus compromising migration. Clinically, high doses of
busulfan are often combined with cyclophosphamide or fludara-
bine to generate a fully myeloablative regimen. Typically, this leads
to >95% recipient engraftment.” However, although this makes
sense in an allogeneic setting, cyclophosphamide is not required as
an immunosuppressive in syngeneic murine transplants with full
intensity busulfan myeloablation, as there is no requirement for
immunosuppression. The combination of low dose nonmyeloabla-
tive busulfan and cyclophosphamide in this setting'® obscures the
outcome, due to insufficient myeloablation and potential interac-
tions between the two drugs.

Capotondo et al., observed an increase in brain engraftment
in busulfan-conditioned recipients compared with the irradiated
at 45 days and 3 months posttransplant but showed no differences
at 5 days, 2 weeks or 6 months. Their regimen was almost fully
myeloablative at 100 mg/kg busulfan,” and this may have contrib-
uted to the variability observed. In our hands and using our formu-
lation of busulfan this dose is borderline myeloablative, with mixed
responses (Supplementary Figure S1). In addition, a mixture of
metachromatic leukodystrophy and WT recipients was used, despite
a significant increase in brain engraftment observed in metachro-
matic leukodystrophy recipients compared with the W'T recipients
at 3 months posttransplant (genotype differences from other time-
points were not presented). It is possible that the storage material or
more likely, the established neuroinflammatory events observed in
metachromaticleukodystrophy'** could have perturbed chemokine/
cytokine levels resulting in elevated transmigration.

We observed incomplete repopulation of the brain by donor cells,
with much fewer donor-derived GFP cells in busulfan-conditioned
and irradiated brain compared with the total number of Iba-1*
microglia. We estimate that 22% of GFP* donor cells repopulated
the microglial niche after busulfan conditioning and 10% GFP*
donor cells repopulated the microglial niche in irradiated recipients,
in agreement with the published data.**' In contrast, Capotondo
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et al. detected a higher proportion of donor-derived cells;*® however,
these data may be skewed by the use of CD45 and CD11b cell surface
markers and flow cytometry to distinguish GFP* donor microglia.
These markers are also expressed by a number of other cell types
such as macrophages, neutrophils, T, and B cells, and we have also
found a higher donor cell contributions to CD45%/CD11b* brain
cells (25-30%) when using this method (data not shown).

We detected a significant increase in total Iba-17 microglial
numbers in irradiated brain 2 weeks after BMT. These were pre-
dominantly GFP~/Iba-11 microglia, suggesting in situ prolifera-
tion of resident microglial cells. However, although proliferation
was very high in both treatment groups, no significant difference
in the number of Ki67* positive cells was detected between treat-
ment groups at this timepoint, although there was a trend towards
an increase in busulfan-conditioned brain. We hypothesize that in
irradiated mice, microglia probably starts proliferating before those
of busulfan-conditioned mice. This leads to an overall increase in
total Iba-1% cells in irradiated mice at 2 weeks, but proliferating cell
numbers at this timepoint are approximately equal. It is well known
that busulfan treatment leads to delayed engraftment over irradia-
tion'” as previously discussed, and is the reason for delayed BM
engraftment at 2 weeks (Figure 1a; (ii)). In the long term, the num-
ber of Iba-17 cells in irradiated brains has returned to short term
after BMT levels—which probably reflects homeostatic regulation
of microglial numbers in the brain. However, irradiated microglia
continue to exhibit significantly increased Ki67+ cell numbers com-
pared with the busulfan in the long term. This observation, along
with reduced donor-derived brain engraftment compared with the
busulfan, strongly suggests that irradiation preferentially stimulates
in situ proliferation over migration. In situ proliferation of microglia
in response to irradiation has been described previously.

In addition, irradiated brain exhibited significantly more amoe-
boid GFP* and ILB4™" cells compared with the busulfan-condi-
tioned recipients, suggesting that irradiation preferentially induces
microglial activation. Irradiated brain exhibited significantly higher
levels of IL-10;, a key mediator of inflammation,** both initially
and long term compared with the busulfan-conditioned brain,
pointing towards an IL-lo. driven proinflammatory environ-
ment. Furthermore, irradiation stimulated increased short-term
levels of brain MIP-10. and serum RANTES both downstream of
IL-10; whereas, busulfan conditioning led to higher short-term
levels of IL-6, which is associated with pro- and anti-inflammatory
properties.”

In summary, both irradiation and busulfan induce a neuroin-
flammatory environment but with different downstream effects.
The prominent and sustained levels of IL-1ct and reduced long-
term MCP-1 in irradiated recipients, appears to drive an IL-1a.
neuroinflammatory response and in situ proliferative amoeboid
phenotype in resident microglia, with less effective transmigra-
tion of donor cells to the brain. Around 20% of busulfan delivered
intravenously can cross the BBB,* exerting a long-term chemokine
response in the brain via MCP-1, and driving a more promigra-
tory inflammatory response, increasing transmigration of donor-
derived microglia with ramified, surveillant morphology, and a
reduced overall inflammatory profile over irradiation.

The different outcomes observed suggest that busulfan and
irradiation stimulate neuroinflammation via different pathways.
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Irradiation has a potent apoptotic effect on cells and usually sig-
nals through the p53 pathway,* but has also been shown to signal
though acid sphingomyelinase in mouse BBB endothelial cells.*
In contrast, busulfan has been shown to induce senescence in cul-
tured fibroblasts through Erk and p38 MAPK pathways in a p53
independent manner.'

We have demonstrated the significance of the different mecha-
nisms of action of busulfan and irradiation by defining their role in
transmigration and brain engraftment of donor-derived cells after
BMT. Our findings have significant implications for the method-
ology used to test hematopoietic stem cells-based gene therapies
in mouse models of neuropathic lysosomal storage disorders to
achieve maximum delivery to the brain. Furthermore, myeloab-
lative busulfan is more clinically applicable than irradiation and
therefore, questions the use of irradiation in these mouse models.
Future studies to investigate reduced intensity conditioning regi-
mens, using low dose busulfan, in combination with infusion of
gene-modified autologous cells, could expand the applicability of
this therapeutic route to other severe neurodegenerative diseases
such as Alzheimer’s disease.

METHODS

Mouse maintenance and BMT. Mice were housed in a 12/12-hour
light/dark cycle with food and water provided ad libitum in accordance
with the Animal (Scientific Procedures) Act, 1986 (UK), project license
PPL40/3117. Recipients of 8-10 weeks old (C57BL/6]J; Harlan, Bicester,
UK) received full myeloablation; irradiation (2 x 5 Gy, 4 hours apart)*”**
or intraperitoneal busulfan (125 mg/kg) (Busilvex; Pierre Fabre, Boulogne,
France) (25 mg/kg/day for 5 days)."

This dose of busulfan was selected based on the literature that showed
that 125 mg/kg of busulfan was equivalent to a fully myeloablative dose of
irradiation (10 Gy)* and confirmed using a busulfan dose optimization
study. C57BL/6 mice received busulfan (25-125mg/kg) or 2 x 5 Gy
irradiation * anti-CD4/CD8 Abs (1 mg/mouse) followed by whole BM
(2-10 x 10° cells/200ul phosphate-buffered saline/mouse) transplant
from CBA mice (Harlan Laboratories, Bicester, UK).** All mice rejected
transplants and were culled if they became anemic and had lost more than
20% of their body weight and the survival time was recorded.

For the brain engraftment study, whole BM** from C57BL/6-
TgN(ACTbEGFP)10sb mice, (6-8 weeks old) expressing eGFP
(Jackson Laboratories, Bar Harbor, ME), was delivered via tail vein (2
x 107 cells/200pul phosphate-buffered saline/mouse). Peripheral blood
chimerism (GFP) was measured using a BD FACS Canto II flow cytometer
(BD Biociences, Oxford, UK) with ToPro3 iodide (Life Technologies,
Paisley, UK) live/dead stain.

Mice (n = 6/group) were terminally anesthetized at either 2 weeks
(short term) or 6-9 months (long term) after BMT and transcardially
perfused with Tyrode’s buffer to remove peripheral blood as previously
described.'® One brain hemisphere was frozen for biochemistry, the other
was fixed for immunohistochemistry.*!

Immunohistochemistry. Free-floating immunohistochemistry was per-
formed on brain sections (30 pum) (Figure 1a; (iii))* using standard pro-
tocols.*! Rabbit anti-GFP antibody (1:750; Abcam, Cambridge, UK), rabbit
anti-Iba-1 (1:1000; Wako Chemicals GmbH, Neuss, Germany) and isolectin
B4 (ILB4; Sigma, Poole, UK)* staining was visualized using DAB substrate
(Vector, Peterborough, UK) and Mayer’s hematoxylin. Sections were imaged
using the Panoramic SCAN with Zeiss Plan-apochromat 20x/0.8 objective,
(3D Histotech/Laser2000, Ringstead, UK). GFPT, ILB4™, and Iba-17" cells
were counted from six sections of mouse brain as shown (Figure 1a; (i)).
Fluorescent labeling used Alexa-594-ILB4 (1:200; Life Technologies)
and primary antibodies; chicken anti-GFP (1:500; Abcam), rabbit anti-
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Ki67 antibody (1:500; Abcam), goat anti-Iba-1 (1:600; Abcam), and
chicken anti-GFAP (1:1500; Abcam). Primary antibodies were labeled
with the appropriate secondary antibodies; Alexa-488 or Alexa-594
goat anti-chicken IgG, or Alexa-488 goat anti-rabbit IgG (1:1000; Life
Technologies) and 300 nmol/l DAPI (Life Technologies) to stain nuclei
as previously described.* Sections were mounted using ProLong Gold
Antifade medium (Life Technologies) and examined using a Nikon C1
confocal microscope on an upright 90i microscope with a x20 or 60x/1.40
Plan Apo objective (Nikon UK, Kingston upon Thames, UK). At least
three sections per mouse and three mice per group were visualized.

Brain cytokine/chemokine levels. 1L-1c., 1L-1p, IL-6, IL-9, IL-13, IFN-y,
MCP-1 (CCL2), MIP-1a. (CCL3), G-CSE, GM-CSE, KC (CXCL1), and
RANTES (CXCLS5) were measured in brain extracts using BD Cytometric
Bead Array (CBA) Flex Set kits (BD Biosciences, Oxford, UK) as previ-
ously described.*

Statistical analysis. The data were analyzed using a Student’s t-test (cell
counting and biochemistry) or one-way analysis of variance with Tukey’s
multicomparison test (chimerism) and significance assumed at P < 0.05.

SUPPLEMENTARY MATERIAL

Figure S1. Selection of a myeloablative busulfan dose comparable
with the 10 Gy of irradiation.

Figure S2. Determining the percentage contribution of donor and
recipient T cells, B cells, and monocytes in peripheral blood over time
after syngeneic transplant.
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