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Monocytes and neutrophils from the myeloid lineage contribute to multiple
sclerosis (MS), but the dynamics of myelopoiesis during MS are unclear. Here
we uncover a disease stage-specific relationship between lifestyle, myelopoi-
esis and neuroinflammation. In mice with relapsing-remitting experimental
autoimmune encephalomyelitis (RR-EAE), myelopoiesis in the femur, verteb-
rae and spleen is elevated prior to disease onset and during remission, pre-
ceding the peaks of clinical disability and neuroinflammation. In progressive
EAE (P-EAE), vertebral myelopoiesis rises steadily throughout disease, while
femur and splenic myelopoiesis is elevated early before waning later during
disease height. In parallel, sleep disruption or hyperlipidemia and cardiome-
tabolic syndrome augment M-CSF generation and multi-organ myelopoiesis to
worsen P-EAE clinical symptoms, neuroinflammation, and spinal cord
demyelination, with M-CSF blockade abrogating these symptoms. Lastly,
results from a previous trial show that Mediterranean diet restrains myelo-
poietic activity and myeloid lineage progenitor skewing and improves clinical
symptomology of MS. Together, our data suggest that myelopoiesis in MS is
dynamic and dependent on disease stage and location, and that lifestyle fac-
tors modulate disease by influencing M-CSF-mediated myelopoiesis.

Multiple sclerosis (MS) is characterized by inflammation and degen-
eration of the central nervous system (CNS), with demyelination and
neuroaxonal damage leading to neurological disability"*. Initially, MS
most often presents as a relapsing-remitting phenotype with periodic
episodes of neurological disability lasting days or weeks followed by
remission and symptom improvement. After several years or decades,
MS often progresses into a chronic progressive phase of neurological

decline and an increased pace of CNS atrophy. Even prior to any clin-
ical symptomology, CNS inflammation has been documented in indi-
viduals who go on to develop MS**. Pathologically, MS is driven by
immune cell infiltrates in inflammatory neuropil and demyelinated
lesions found throughout the CNS. Autoreactive T cells and myeloid
cells, including monocytes and neutrophils, cross a dysfunctional
blood brain barrier (BBB) and interact with resident glial cells to
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manifest a pro-inflammatory microenvironment, which causes death
of oligodendrocytes and destruction of myelin, leading to
neurodegeneration'. Despite an established role for peripherally gen-
erated CNS-infiltrating leukocytes, including those of the myeloid
lineage®®, little is known about the temporal dynamics, tissular loca-
tion, or mechanisms of myeloid cell production during waves of clin-
ical relapse and remission and in progressive MS.

Hematopoiesis is the process by which immune cells are gener-
ated and in adults it occurs primarily in the marrow of bones found
throughout the body’. Beginning with the most uncommitted hema-
topoietic stem cells (HSCs) and through a series of increasingly com-
mitted differentiation steps, hematopoiesis gives rise to all immune
cells including those consequential to MS like T cells, monocytes, and
neutrophils. Numerous growth factors, including macrophage colony
stimulating factor (M-CSF), granulocyte-macrophage CSF (GM-CSF),
and interleukin-3 (IL-3) regulate the cellular processes critical to
immune cell production including HSC proliferation, differentiation,
activation, skewing, survival, and compartmentalization'>". Hemato-
poiesis is dynamic, in adults it generates ~4-5x 10" new blood cells
every day'’. Myelopoiesis, the specific production of myeloid cells, is
calibrated in response to immunological demand. For example, HSC
proliferation and monocyte production is augmented during inflam-
matory conditions like atherosclerosis, myocardial infarction, or
sepsis”™. To meet the rising demand for myeloid cells during
inflammation, the site of myelopoiesis can shift to the spleen, known as
extramedullary myelopoiesis™"™". Despite the established and causal
role for BM and splenic myelopoiesis and myeloid cell generation in
many inflammatory diseases like atherosclerosis®™'¢, myocardial
infarction'®"’, chronic kidney disease’, sepsis'*, and even Alzheimer’s
disease?, the function and dynamics of myelopoiesis in MS are poorly
understood. Recent work has begun to close this gap and has shown
elevated myelopoiesis in people with MS and murine models*, how-
ever the temporal dynamics of myelopoiesis, particularly in relation to
disease stage (relapse vs. remission vs. progressive), and its activity in
marrow sites beyond long bones has not been investigated.

The contribution of environmental and lifestyle factors to MS
worsening is incompletely understood. While many lifestyle factors
have been associated with MS*, obesity, hyperlipidemia, and sleep
disruption are among the most recognized. Insufficient sleep during
adolescence” or shift work** % prior to disease onset have been
associated with increased risk of MS. Moreover, people with MS report
fatigue and increased rates of insufficient and poor quality sleep”*.
Mice with a laboratory-imposed model of MS, experimental auto-
immune encephalomyelitis (EAE), have disrupted sleep, including
increased wakefulness and decreased non-rapid eye movement
(NREM) and the extent of disturbed sleep correlates with symptom
severity?*°, Likewise, hyperlipidemia, body mass index (BMI), physical
inactivity, and the metabolic syndrome raise the risk of MS and worsen
its progression®. Childhood obesity significantly increases incidence
of MS even after adjustment for other risk factors****. Mendelian
randomization studies have shown that genetic determinants for high
BMI associate with MS providing strong support for a causal
relationship®. Individuals with MS also have an elevated mortality from
cardiometabolic diseases including myocardial infarction and heart
failure highlighting a complex and incompletely understood relation-
ship between obesity and dyslipidemia, MS, and cardiometabolic
disease® %, Despite these clinical and epidemiological data associating
sleep and hyperlipidemia with MS, the fundamental cellular and
molecular mechanisms by which lifestyle factors influence MS are not
understood and a role for myelopoiesis in mediating this link has not
been assessed.

Myelopoiesis might connect sleep and hyperlipemia with MS.
Indeed, hyperlipidemic cardiometabolic syndrome and sleep disrup-
tion augment myelopoiesis and monocyte production in part by reg-
ulating IL-3 and M-CSF signaling in the BM**°. It has remained

untested, however, if lifestyle factors influence myelopoiesis to exert
their effects on MS progression and pathology.

Here we characterize the dynamic nature of medullary and
extramedullary myelopoiesis in MS and its preclinical models and
mechanistically test if sleep disruption and cardiometabolic disease
modulate MS and CNS inflammation by altering myelopoiesis.
Mechanistic knowledge of the interactions between lifestyle factors
and myelopoiesis in people with MS will aid in developing new
immune-modulatory or lifestyle intervention therapies and may better
stratify patients based on hematopoietic activation, lifestyle, and
disease stage.

Results

Myelopoiesis precedes and predicts waves of neuroinflamma-
tion and clinical disability in relapsing-remitting EAE

Despite knowledge that immune cells are protagonists in MS, the
temporal and dynamic nature of their production during the diverse
stages of disease remains unknown. Initially, MS presents as relapsing
remitting symptoms and prior work has invoked the immune system in
these waves of clinical disability. However, the dynamics and magni-
tude of myelopoiesis and systemic leukocytosis during disease relapse
and remission are unknown. To evaluate this, we began by assessing an
established murine model, relapsing-remitting EAE (RR-EAE)*. Briefly,
we injected female SJL/J mice with a proteolipid protein and complete
Freund’s adjuvant (PLPy30.151/CFA) emulsion which resulted in waves of
clinical disability and paralysis severity with the first symptomatic peak
at ~14 days post induction (dpi), remission at ~23 dpi, and a relapse at
~28 dpi (Fig. 1a). We used flow cytometry to assess neuroinflammation
and leukocyte abundance in the spinal cord (SC) of naive mice and RR-
EAE mice at their disease peak and remission (Supplementary Fig. 1a).
At peak disease, the number of microglia, Ly6C" monocytes, neu-
trophils, macrophages, monocyte-derived dendritic cells (MoDCs),
and CD4" T cells were significantly elevated in RR-EAE mice relative to
healthy naive mice (Fig. 1b). During remission, when clinical symptoms
and paralysis had improved (Fig. 1a), the abundance of all SC leukocyte
populations, except microglia, subsided to near naive levels (Fig. 1b).
These data, in addition to correlation analysis (Supplementary Fig. 1b),
demonstrate that in RR-EAE, neuroinflammation and the abundance of
SC leukocytes correlates with clinical symptoms and disability.

In adults, immune cells are generated in marrow encased in bones
throughout the body. Myeloid cells, including monocytes and neu-
trophils, are consequential to MS and have a relatively short half-life of
~20 h*? necessitating their continual generation through myelopoiesis.
During systemic and chronic inflammation, myelopoiesis increases
and can shift to extramedullary organs, including the spleen, to meet
the rising leukocyte need. The dynamic and temporal nature of mye-
lopoiesis in MS remains unclear. Whether leukocyte production fluc-
tuates during episodes of relapse or remission and if myeloid cell
output associates with disease stage is unknown. To test temporal and
dynamic changes in leukocyte output during RR-EAE we first began by
enumerating blood leukocytes in naive mice and RR-EAE mice at dis-
ease peak and remission (Fig. 1a). In the blood of RR-EAE mice at peak
disease, the number of neutrophils were elevated relative to healthy
mice, while Ly6C" monocytes were modestly increased (Fig. 1c). Dur-
ing remission, when clinical symptoms and SC leukocytosis had dis-
sipated, blood Ly6C" monocytes rose even further (Fig. 1c). The
number of blood CD19" B cells, CD4* and CDS8' T cells were unchanged
in RR-EAE mice at disease peak and remission suggesting a specific
output of myeloid cells (Supplementary Fig. 1c). These observations
suggest dynamic changes in blood leukocytosis at differing disease
phases and discordance between the abundance of myeloid cells in the
blood and SC at differing disease stages.

We then turned our attention to medullary and extramedullary
sites of myelopoiesis. In naive mice and RR-EAE mice at peak disease
and remission, we assessed leukocyte output in the femur BM, a site
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Fig. 1| Myelopoiesis and blood monocytosis precede and predict clinical dis-
ability and neuroinflammation in relapsing-remitting EAE. a Schematic design
of experiment. Relapsing-remitting EAE was induced in female SJL/L mice, 8 weeks
old, by administering proteolipid protein (PLP;39.;5;) mixed with complete Freund’s
adjuvant (CFA) by sub cutaneous injection on day 0. Naive SJL/L mice were used as
controls. Mean clinical disease scores over the course of 35 days shows multiphasic
episodes of disability with an initial peak, followed by remission, and subsequent
relapse. Tissue was collected during peak disease and remission for analysis. (n=7)
(b) Quantification of CD45" leukocyte populations in the spinal cord (n = 6 naive,
n=8 peak, n=9 remission). ¢ Quantification of Ly6C" monocytes and neutrophils
in the blood (n = 6 naive, n=7 peak, n =8 remission). d Flow cytometry analysis of
bone marrow hematopoietic progenitors. Quantification of CD45" cells, LSKs, and
MPP3 leukocyte progenitors in the femur bone marrow (n =3 naive, n=5peak,n=5
remission, except MPP3s and LSKs where n = 6 naive) (e) Measurement of growth
factors in femur bone marrow fluid by ELISA (n = 6 naive, n=9 peak, n=10
remission) (f) Quantification of LSKs and MPP3 leukocyte progenitors in vertebral

bone marrow (n = 5/time point). g Measurement of splenic weight (n = 6 naive,n=9
peak, n =10 remission) and enumeration of LSKs and MPP3 leukocyte progenitors
in the spleen (n =3 naive, n =5 peak, n =5 remission). h Mean clinical disease scores
of RR-EAE mice over the course of 35 days with corresponding blood Ly6C"
monocytes and neutrophils quantification at days 0, 8, 14, 21, and 35 dpi (n=7).

i Correlation of the number of circulating Ly6C" monocytes and neutrophils at pre-
onset (day 8) with the subsequent peak clinical score (n=7). Data presented as
mean + SEM, *p <0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. a-h are a combina-
tion of 2, 3 individual experiments, i is from a representative experiment. b-g one-
way ANOVA, | Pearson’s correlation. Created in BioRender. McAlpine, C. (2025)
https://BioRender.com/kvggmpp. EAE experimental autoimmune encephalomye-
litis, PLP proteolipid protein, CFA complete Freud’s adjuvant, LSK Lin'Scal*cKit"
MPP3 myeloid-biased multipotent progenitor 3, GM-CSF granulocyte-macrophage
colony-stimulating factor, IL-3 interleukin-3, M-CSF macrophage colony stimulating
factor, dpi days post immunization.

distal to the SC effector organ; the vertebral BM, a site in close
proximity to the SC; and the spleen, an extramedullary organ that
critically contributes to the systemic leukocyte pool during
inflammation™'*"” (Supplementary Fig. 1d). In the femur BM, the
number of CD45" cells, Lin"Scal‘cKit" (LSK) HSCs, myeloid-biased
multipotent progenitor (MPP)-3s, megakaryocyte-biased MPP2s, and
lymphoid-biased MPP4s were elevated at disease peak and increased
further during remission (Fig. 1d and Supplementary Fig. 1e). We then
measured the concentration of myelopoietic growth factors in the
extracellular fluid of the femur BM and discovered similar progressive
increases in IL-3 and M-CSF at disease peak and remission while GM-
CSF tended to increase during remission only (Fig. 1e). Together, these
observations demonstrate progressively increased growth factor
production and myelopoiesis in the femur BM during disease peak and
remission in RR-EAE mice. We then assessed myelopoiesis in the ver-
tebral BM and the spleen. In the vertebral BM, the number of LSKs
tended to increase while MPP3s, and MPP2s were significantly and
progressively elevated during peak and remission of RR-EAE mice
(Fig. 1f and Supplementary Fig. le). Meanwhile, spleen weight was

unchanged at disease peak but significantly increased during remis-
sion (Fig. 1g) and the abundance of LSKs, MPP3s, and MPP2s were
significantly elevated at disease peak and increased further during
remission (Fig. 1g and Supplementary Fig. 1e). Finally, we tested mye-
lopoiesis in male SJL/] mice exposed to RR-EAE. As in female mice, we
observed significant increases in blood myeloid cells, and myeloid
progenitor cells in the femur BM, vertebral BM, and spleen at peak
disease (Supplementary Fig. 1f). Together, these data profile leukocyte
production from three hematopoietic locations during disease peak
and remission in RR-EAE. Our observations suggest that the degree of
CNS neuroinflammation correlates with clinical disability and paralysis
in RR-EAE. However, blood leukocytosis and myelopoiesis in three
locations, the femur BM, the vertebral BM, and the spleen, progresses
throughout disease peak and remission, and is discordant with clinical
symptoms and neuroinflammation. We find that during remission,
blood myeloid cell abundance and hematopoietic output from the
femur, vertebrae, and spleen remain significantly elevated despite the
near complete resolution of SC leukocyte abundance and symptom
severity.
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Given our data and conclusions, we performed a more granular
assessment of blood monocytes and neutrophils in RR-EAE mice and
their association with subsequent peaks and troughs of clinical
symptoms. For this, we measured blood Ly6C" monocytes and neu-
trophils in RR-EAE mice prior to symptom onset (“pre-onset”, 8 dpi), at
peak disease (14 dpi), during remission (21 dpi), and during relapse (35
dpi). We discovered that blood monocytes and neutrophils expand
substantially during the first week post induction and peak at 8 dpi,
prior to the onset of clinical symptoms which begins at 11 dpi (Fig. 1h).
Surprisingly, blood monocytes fall while neutrophils remain elevated
between 8 to 14 dpi as clinical symptoms develop, and monocytes
reach a nadir during the first peak of clinical symptomology (14 dpi)
before rising again thereafter cresting during symptom remission (21
dpi) (Fig. 1h). Finally, blood monocytes and neutrophils dissipate again
during relapse. To test if myelopoiesis is accelerated prior to onset of
clinical symptoms we evaluated progenitor cells in the femur BM, the
vertebral BM, and spleen at 8 dpi. Mirroring blood monocytosis and
neutrophilia, we found that in the femur BM and spleen LSKs and
MPP3s were elevated during pre-onset (Supplementary Fig. 1g). These
data reveal the temporal dynamics of blood monocytosis, neu-
trophilia, and multi-site myelopoiesis that are asynchronous with
clinical disability. Blood monocytes, neutrophils, and myelopoiesis
peak prior to the first wave of clinical symptoms and again prior to
remission. Given these observations, we asked if blood monocytes and
neutrophils might predict the severity of the ensuing wave of clinical
disability. Strikingly, the number of blood Ly6C" monocytes and
neutrophils at pre-onset (8 dpi) positively correlated with the peak
clinical score during the subsequent wave of clinical symptoms 6 days
later (Fig. 1i). All together, these findings suggest that peripheral blood
monocytosis, neutrophilia, and multi-site myelopoiesis precede onset
of clinical symptoms and might associate with the severity of the
ensuing clinical relapse.

Dynamic myelopoiesis in medullary and extramedullary organs
in progressive EAE

Having documented dynamic myelopoiesis in a murine model of
relapsing-remitting MS, we then assessed an established model of
progressive disease, P-EAE*. We injected female C57BL/6 mice with
myelin oligodendrocyte glycoprotein suspended in complete Freund’s
adjuvant (MOG3s.55/CFA) and pertussis toxin (PTX) which resulted in
progressive clinical disability and severity (Fig. 2a). We evaluated leu-
kocyte accumulation in the SC of naive mice and P-EAE mice during
disease progression (14 dpi) and during the chronic phase (21 dpi). As
anticipated, during disease progression, the SC of EAE mice contained
more microglia, Ly6C" monocytes, MHCII* macrophages, MoDCs, and
CD4" T cells, indicative of active neuroinflammation (Fig. 2b). During
the chronic phase of disease, we observed a progressive increase in
microglia, MHCII" macrophages, MoDCs, and CD4" T cells, while the
number of short-lived Ly6C" monocytes and neutrophils subsided
(Fig. 2b). These observations suggest a positive correlation between SC
microglia, macrophages, and MoDCs abundance with disease state and
clinical severity. We then turned our attention to systemic leukocyte
levels in the blood. We found that Ly6C" monocytes and neutrophils
increased during disease progression and were elevated even further
during the chronic phase of P-EAE (Fig. 2c). The number of blood B
cells, CD4* and CD8' T cells, meanwhile, were unchanged (Supple-
mentary Fig. 2a). Given these changes in blood myeloid cells, we
evaluated myeloid cell generation in the femur BM, the vertebral BM,
and the spleen of P-EAE mice. In the femur BM, the number of LSKs,
MPP3s, MPP2s, and MPP4s were significantly elevated during the
progressive phase while their abundance decreased slightly during
the chronic phase (Fig. 2d and Supplementary Fig 2b). In line with this,
the concentration of M-CSF was also elevated in the femur BM during
disease progression and abated during the chronic phase (Fig. 2e)
while femur IL-3 and GM-CSF levels were unchanged during P-EAE
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Fig. 2 | Myelopoiesis is temporally dynamic in medullary and extramedullary
organs in progressive EAE. a Schematic design of experiment. Progressive EAE
was induced in female C57BL/6) mice, 9 weeks old, by administering myelin oli-
godendrocyte glycoprotein (MOGss.ss) mixed with complete Freud’s adjuvant
(CFA) by subcutaneous injection of day 0 and intraperitoneal injection of PTX on
days 0 and 1. Naive C57BL/6 mice were used as controls. Mean clinical disease
scores over the course of 21 days shows monophasic disease. Tissue was collected
during the progressive and chronic phases of the model. (n =16) (b) Quantification
of CD45" leukocyte populations in the spinal cord (n=>5 Naive, n =12 progressive,
n=14 chronic). ¢ Quantification of Ly6C" monocytes and neutrophils in the blood
(n=13 Naive, n =14 progressive, n =10 chronic). d Flow cytometry analysis of bone
marrow hematopoietic progenitors. Quantification of LSKs and MPP3 leukocyte
progenitors in the femur bone marrow by ELISA (n =15 Naive, n =14 progressive,
n =10 chronic). e Measurement of M-CSF in femur bone marrow (n =14 Naive,n=8

progressive, n =5 chronic). f Quantification of LSKs and MPP3 leukocyte progeni-
tors in vertebral bone marrow (n =16 Naive, n =14 progressive, n=9 chronic).

g Measurement of splenic weight (n =11 Naive, n =14 progressive, n=11 chronic)
and enumeration of LSKs and MPP3 leukocyte progenitors in the spleen (n=6
Naive, n =8 progressive, n =6 chronic). One-way ANOVAs. h Circulating blood
leukocytes in non-MS population controls (n =473,905) and MS patients (n =1918)
from the UK Biobank. Data presented as mean + SEM, *p <0.05, *p < 0.01,

***p < 0.001, ***p < 0.0001. Data are a combination of 2, 3 individual experiments.
b-g one-way ANOVA, h two sided Mann-Whitney U test. Created in BioRender.
McAlpine, C. (2025) https://BioRender.com/kvggmpp. EAE experimental auto-
immune encephalomyelitis, MOG myelin oligodendrocyte glycoprotein, CFA
complete Freud’s adjuvant, PTX pertussis toxin, LSK Lin'Scal*cKit*, MPP3 myeloid-
biased multipotent progenitor 3, M-CSF macrophage colony stimulating factor,
ELISA enzyme-linked immunosorbent assay, MS multiple sclerosis.
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(Supplementary Fig. 2¢). In the vertebral BM, LSKs, MPP3s, and MPP2s
consistently increased during the progressive and chronic phases
(Fig. 2f and Supplementary Fig. 2d). Finally, analysis of splenic mye-
lopoiesis identified dynamic changes in organ size and cell composi-
tion. During the progressive phase of P-EAE, spleen weights were
increased and contained more LSKs, MPP3s, and MPP2 (Fig. 2g and
Supplementary Fig. 2e). During the chronic phase, however, spleen
size diminished back to near control levels as did the abundance of
LSKs, MPP3s, and MPP2s (Fig. 2g and Supplementary Fig. 2e). Likewise,
myelopoiesis was activated in male P-EAE mice (Supplementary Fig 2f).
Together, these findings demonstrate increased and dynamic myelo-
poiesis in medullary and extramedullary sites during progressive EAE.
We observe that SC leukocyte abundance, blood leukocytosis, and
femur BM myelopoiesis increased progressively in P-EAE. Extra-
medullary myelopoiesis in the spleen, however, displays alternate
dynamics and is increased during progressive disease, then subsides to
near baseline levels in the chronic phase. These dynamic and organ-
dependent changes in myeloid cell production may suggest disparate
contribution of tissues to the immune cell pool in P-EAE.

We then sought if blood leukocytosis occurred in humans with
MS. From the UK biobank cohort we compared blood leukocytes
between those with a clinical diagnosis of MS at the time of blood
collection and those with a lifetime absence of MS (Supplementary
Table 1). While disease stage-specific analysis was not possible, we did
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find that the blood of individuals with MS contained significantly more
circulating leukocytes (p < 0.0001), suggestive of hematopoietic acti-
vation and systemic leukocytosis (Fig. 2h). This observation is in
agreement with a prior report and suggests that myelopoiesis is
increased in people with MS*.

Sleep disruption heightens myelopoiesis and worsens
progressive EAE

Many environmental and lifestyle factors associate with MS diagnosis
and progression. For example, sleep insufficiency or disruption
increases MS risk and associates with clinical symptom severity>**"%,
However, the mechanistic associations between sleep and MS remain
incompletely understood. We relied on an established genetic mouse
model of fragmented and disrupted sleep*®*** to test connections
between sleep and P-EAE. Mice that lack hypocretin (Hcrt”), a sleep-
wake regulating neuropeptide, have a normal abundance of sleep but
their sleep is highly fragmented, as they experience shorter bouts of
wakefulness, slow wave sleep, and rapid eye movement sleep, and
transition between states swiftly***°. We first tested the impact of
sleep fragmentation by Hcrt deletion on myelopoiesis and systemic
leukocytosis in the absence of EAE. In agreement with our prior
report*’, the blood of Hert”” mice contained more Ly6C" monocytes,
neutrophils, B cells, and T cells (Fig. 3a and Supplementary Fig. 3a). In
the femur BM of Hcrt”” mice, LSKs, MPP3s, MPP2s, and MPP4s were
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Fig. 3 | Sleep disruption elevates myelopoiesis and worsens clinical severity,
neuroinflammation, and demyelination in P-EAE. a Enumeration of circulating
total CD45" leukocytes and mature myeloid cells in WT and Hert” mice (n=7 WT,
n=13 Hert”). b Flow cytometry analysis of bone marrow hematopoietic progeni-
tors. Quantification of LSKs and MPP3 hematopoietic progenitors in the femur
bone marrow (n=4 WT, n=9 Hcrt”"). ¢ Quantification of LSKs and MPP3s in ver-
tebral bone marrow (n=5 WT, n=9 Hcrt”"). d Enumeration of LSKs and MPP3
leukocyte progenitors in the spleen (n=5 WT, n=10 Hcrt”"). e Progressive EAE
(MOGs3s.55/CFA) was induced in WT and Hcrt”~ mice. Mean clinical disease scores of
diseased mice over the course of 21 days (n =13/group). f Quantification of CD45"
cell subtypes in the spinal cord of diseased mice at peak EAE (n=8 WT,n=>5 Hcrt ™).
g Representative images of fluoromyelin-stained, diseased spinal cords and quan-
tification of demyelination of white matter at peak EAE (n = 6/group).

h Quantification of LSKs and MPP3s in the bone marrow, 21 days dpi (n=5WT,n=6

Hcrt™”). i Measurement of M-CSF in femur bone marrow, 8 days dpi, by ELISA (n=4/
group). j Quantification of LSK and MPP3 hematopoietic progenitors in the ver-
tebral bone marrow, 21 days dpi (n = 5/group). k Quantification of LSKs and MPP3s
in the spleen, 21 days dpi (n=5/group). L Circulating blood leukocytes in indivi-
duals with MS who reported sleeping 2-5 h (n = 70) or 8+ h (n = 438) per night, from
the UK Biobank. Data presented as mean + SEM, *p < 0.05, **p <0.01, **p <0.001,
***p < 0.0001. a-e are a combination of 2, 3 individual experiments, f-k are from a
representative experiment. Two sided Mann Whitney U tests, except (e) two-way
ANOVA. Created in BioRender. McAlpine, C. (2025) https://BioRender.com/
kvggmpp. EAE experimental autoimmune encephalomyelitis, WT wild-type, Hcrt”
hypocretin knockout, LSK Lin'Scal*cKit", MPP3 myeloid-biased multipotent pro-
genitor 3, M-CSF macrophage colony stimulating factor, ELISA enzyme-linked
immunosorbent assay, dpi days post-immunization, MS multiple sclerosis.
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expanded (Fig. 3b and Supplementary Fig. 3b). The increased abun-
dance of hematopoietic progenitors in Hcrt”” mice extended to their
vertebral BM where we observed more LSKs, MPP3s, MPP2s, and
MPP4s (Fig. 3c and Supplementary Fig 3c). Meanwhile, the spleens of
Hcrt”” and WT mice did not differ in weight or progenitor cell com-
position (Fig. 3d and Supplementary Fig. 3d). The number of
microglia were also unchanged in the SC of Hcrt”” mice (Supple-
mentary Fig. 3e). Together these data contribute to a growing body
of research*®**° suggesting insufficient or disrupted sleep augments
myelopoiesis in multiple tissular locations leading to systemic
monocytosis and neutrophilia.

We then turned our attention to preclinical MS and asked if sleep
disruption by Hcrt deficiency influences P-EAE. We subjected WT
and Hcrt”" mice to P-EAE and monitored clinical symptoms over
21 days. Clinical assessment revealed that mice lacking hypocretin
developed more severe disease with higher peak clinical scor-
ing (Fig. 3e). Similarly, mild tactile sleep fragmentation (SF)***8
tended to worsen P-EAE symptoms in WT mice (Supplementary
Fig 4a). We then characterized SC leukocyte abundance and neu-
roinflammation during disease progression (14 dpi). In the SC of
Hcrt”~ P-EAE mice there were more microglia, MHCII* macrophages,
MoDCs, and CD4" cells and a tendency towards more Ly6C"
monocytes, suggesting augmented neuroinflammation and SC leu-
kocyte influx (Fig. 3f). To assess demyelination in the SC of Hcrt”
mice, we probed tissue sections with fluoromyelin and measured
areas devoid of positive staining. This analysis uncovered substantial
increases in demyelination in the SC of Hcrt”" mice (Fig. 3g). These-
data suggest that Hcrt deficiency and associated sleep disruption
worsens demyelination and neuroinflammation, aggravating
progressive EAE.

Worsened clinical outcomes and disease severity in Hert”” mice
may be due to alterations in peripheral immune priming in medullary
organs or changes in the production of hematopoietic cells. To test
the former, we assessed WT and Hcrt”™ mice at 8 dpi, prior to onset of
clinical symptoms but during a period of robust immune activation.
We began by enumerating CD4" T cells in the spleens and cervical
lymph nodes of WT and Hcrt” EAE mice and did not observe
any changes (Supplementary Fig. 4b, c). We also evaluated GM-CSF*
and IFNy'IL17* CD4" Ty subsets in the spleen and lymph nodes and
although there was a reduction in GM-CSF* T cells, we did not
find overt alterations in the Hcrt”~ P-EAE mice (Supplementary
Fig. 4d). Further, although Hcrt”~ mice had fewer MoDCs in their
lymph nodes, the abundance of migratory and resident DCs did
not change (Supplementary Fig 4e). All together, these results sug-
gest that Hcrt deficiency and sleep disruption does not overtly
impact peripheral priming and CD4" T cell responses in EAE. We
then asked if myelopoiesis was altered in Hcrt”~ mice subjected
to P-EAE. Relative to WT EAE mice, the femur BM of Hcrt”™ P-EAE
mice contained significantly more LSKs and MPP3s and had a
higher concentration of M-CSF but not GM-CSF or IL-3 (Fig. 3h, |
and Supplementary Fig. 4f). Meanwhile, in the vertebral BM, Hcrt””
P-EAE mice tended to have more LSKs and MPP3s while
myelopoiesis was unchanged in the spleen (Fig. 3j, k). These obser-
vations suggest that sleep disruption exacerbates BM myelopoiesis
and leukocyte production in EAE to worsen clinical disease and
neuroinflammation.

Lastly, we tested if sleep associates with blood leukocytosis in
individuals with MS. We again analyzed data from the UK biobank and
found that relative to those reporting sleeping at least 8 h per day,
individuals with MS reporting 2-5 h of sleep per day had significantly
more leukocytes in their blood (Fig. 3l; p = 0.0323). In sum, our data in
preclinical models of MS and in humans suggests that poor quality
sleep augments myeloid cell output which associates with worsened
disease.

Hyperlipidemia and cardiometabolic syndrome exacerbate
myelopoiesis and worsens outcomes in progressive EAE
Cardiometabolic syndrome represents a cluster of metabolic, inflam-
matory, and cardiovascular disorders and involves the contribution of
hyperlipidemia, obesity, hypertension, and chronic inflammation to
perpetuate cardiovascular disease™. Nearly a half of US adults have at
least one component of the cardiometabolic syndrome®*** and are at
elevated risk for coronary heart disease, the leading cause of death
globally. Lifestyle factors, including an unhealthy diet and a sedentary
lifestyle, contribute to this syndrome. Multifactorial hyperlipidemia
and cardiovascular disease can be modeled in mice by the deletion of
Apoe”” and high fat diet (HFD) feeding, which results in elevated
cholesterol and the formation of atherosclerotic plaques™. Facets of
cardiovascular disease and the cardiometabolic syndrome including
obesity, sedentary behavior, unhealthy diet, and hyperlipidemia have
been identified as risk factors for MS and exacerbate disease pro-
gression. It remains largely unclear, however, the mechanisms by
which poor diet and hyperlipidemia contribute to neuroinflamma-
tion and MS.

We evaluated if the multidimensional parameters of the cardio-
metabolic syndrome, including hypercholesterolemia and elevated
myelopoiesis, influence MS. We began by testing the influence of HFD
and/or Apoe deletion on hypercholesterolemia and systemic inflam-
mation. We established four groups of mice: WT mice fed a standard
chow diet, WT mice fed a HFD for 4 weeks, Apoe” mice fed a chow diet,
and Apoe”” mice fed an HFD for 4 weeks. Total and free cholesterol
levels were elevated in WT mice fed a HFD relative to chow diet feeding
(Fig. 4a). These parameters were increased further in Apoe” mice fed a
chow diet and rose to their highest level in Apoe”” mice fed a HFD
(Fig. 4a). We then turned our attention to circulating immune cells.
Four weeks of HFD feeding in WT mice did not have an overt influence
of the number of blood monocytes and neutrophils, however as
anticipated™*, Apoe deletion raised blood monocytes and neutrophils
significantly and feeding Apoe”” mice a HFD further raised blood leu-
kocytosis (Fig. 4b). This dose response-like increase was also observed
for total CD45" cells, B cells, CD4*, and CD8" T cells (Supplementary
Fig 5a). Given that the combination of Apoe deletion and HFD led to the
most robust hypercholesterolemia and blood leukocytosis, we pur-
sued this model further for assessment of myelopoiesis. First, we
compared WT mice fed a control chow diet and Apoe” mice fed a HFD
and noted, as expected, a profound increase in LSKs and all MPP
populations in the femur BM of Apoe”+HFD mice (Fig. 4c and Sup-
plementary Fig. 5b). The femur of Apoe” +HFD mice also contained a
higher concentration of M-CSF but not GM-CSF or IL-3 (Fig. 4d and
Supplementary Fig. 5¢). Similar increases in myelopoiesis were also
observed in the vertebral BM and spleens of Apoe” mice fed an HFD
(Fig. 4e, f and Supplementary Fig. 5d, e). These observations, in
agreement with prior reports, demonstrate profound cardiometabolic
syndrome, hypercholesterolemia, systemic leukocytosis, and heigh-
tened medullary and extramedullary myelopoiesis in Apoe”” mice fed
an HFD.

Given these effects of hyperlipidemia and cardiometabolic syn-
drome on myelopoiesis, we tested if P-EAE is altered under these
conditions. We fed WT or Apoe”” mice a chow or HFD beginning 4
weeks before P-EAE induction and monitored clinical symptoms for
21 days. We did not observe altered clinical disease in WT mice fed a
HFD for 4 weeks and chow fed Apoe” mice relative to WT chow fed
controls (Fig. 4g). However, Apoe” +HFD mice, the group with the
highest level of peripheral monocytosis and neutrophilia, displayed
profoundly increased clinical scoring and worsened paralysis symp-
toms (Fig. 4g). We then assessed demyelination in the SC of WT and
Apoe” +HFD mice subjected to P-EAE. Fluoromyelin red staining of
SC sections revealed significantly increased demyelination in the SC
of Apoe” +HFD P-EAE mice relative to WT EAE mice (Fig. 4h). In line
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Fig. 4 | Hyperlipidemia and cardiometabolic syndrome exacerbates myelo-
poiesis, increases immune cell infiltration of the spinal cord, and worsens
clinical scoring in P-EAE. a Measurement of total and free cholesterol in the
plasma of WT, WT + HFD, Apoe”", and Apoe” +HFD mice (n=8 WT, n=10 WT +
HFD, n=5 Apoe”", n=7 Apoe”’+HFD). b Quantification of circulating Ly6C"
monocytes and neutrophils (n=20 WT, n=10 WT + HFD, n=8 Apoe”", n=16
Apoe”+HFD). ¢ Quantification of LSK and MPP3 hematopoietic progenitors in the
femur bone marrow of WT and Apoe” +HFD mice (n=7 WT, n=8 Apoe” +HFD).

d Measurement of M-CSF in femur bone marrow fluid by ELISA (n=14 WT,n=8
Apoe”+HFD, student’s unpaired t-test). e Quantification of LSKs and MPP3s in the
vertebral bone marrow (n = 8/group). f Quantification of LSKs and MPP3s in the
spleen (n=4 WT, n=>5 Apoe” +HFD). g Progressive EAE (MOGss.ss/CFA) was
induced in WT, WT + HFD, Apoe™, and Apoe” +HFD. Mean clinical disease scores of
diseased mice over the course of 21 days (n=15 WT, n=4 WT + HFD, n=7 Apoe™",
n=15 Apoe”+HFD). h Representative images of fluoromyelin-stained diseased
spinal cords and quantification of demyelination of white matter in WT and Apoe”
“+HFD mice at peak EAE (n=6 WT, n=>5 Apoe”+HFD). i Quantification of CD45"

Clinical score (AUC)

cells in the spinal cord at peak EAE (n=8 WT, n =5 Apoe”+HFD). j Quantification of
LSKs and MPP3 hematopoietic progenitors in the femur bone marrow, 21 days dpi
(n=6 WT, n=7 Apoe”+HFD). k Measurement of growth factors in femur bone
marrow fluid, 21 days dpi, by ELISA (n=4 WT, n=6 Apoe”+HFD). I Correlation of
blood monocytes and neutrophils, prior to EAE induction, with subsequent clinical
disease score (n=26). m Circulating blood leukocytes in individuals with MS and a
BMI of 18-25 (n=329), 25-30 (n = 329), or 30+ (n = 222), from the UK Biobank. Data
presented as mean + SEM, *p < 0.05, **p < 0.01, *p < 0.001, ***p < 0.0001. a-g are a
combination of 2-3 experiments, h-k are from a representative experiment.

a, b one-way ANOVA, c-f, h-k, m two sided Mann Whitney U tests, g two sided
ANOVA, | Pearson’s Correlation. Created in BioRender. McAlpine, C. (2025) https://
BioRender.com/kvggmpp. EAE experimental autoimmune encephalomyelitis WT
wild-type, HFD high-fat diet, Apoe”” Apolipoprotein E knockout, LSK Lin'Scal*cKit®,
MPP3 myeloid-biased multipotent progenitor 3, GM-CSF granulocyte-macrophage
colony stimulating factor, IL-3 interleukin-3, M-CSF macrophage colony stimulating
factor, ELISA enzyme-linked immunosorbent assay, AUC area under the curve, dpi
days post-immunization, MS multiple sclerosis, BMI body mass index.

with more demyelination, the SCs of Apoe”+HFD EAE mice con-
tained more microglia, Ly6C" monocytes, neutrophils, MHCII* mac-
rophages, MoDCs, and CD4" T cells indicating more
neuroinflammation (Fig. 4i). In line with the idea that more overt
metabolic dysfunction exacerbates P-EAE, a longer period of HFD,
10 weeks, worsened clinical symptoms in WT mice (Supplementary
Fig 6a). Changes in neuroinflammation might be driven by peripheral
immune priming or altered immune cell generation. To assess per-
ipheral priming, we analyzed WT and Apoe” +HFD P-EAE mice at 8
dpi. Intriguingly, the spleens of Apoe”+HFD P-EAE mice were hea-
vier, contained more CD4" T cells, and tended to have more
myeloid cells, however splenic CD4" T cell proliferation was

unchanged (Supplementary Fig 6b-e). While the proportion of
GM-CSF* and IFNY'IL-17* splenic CD4" T cells was slightly lower in
Apoe”+HFD P-EAE mice (Supplementary Fig. 6d), we observed no
differences in splenic CD11c*'CD11b" or CDI11c*CDI11b* cells (Supple-
mentary Fig. 6e). In cervical lymph nodes, Apoe”+HFD P-EAE mice
had more CD4" T cells that proliferated slightly less (Supplementary
Fig. 6f) while the abundance of DCs were largely unchanged and did
not display proportional differences in the activation marker CD86
(Supplementary Fig. 6g). Further, the proportion of GM-CSF* CD4"
T cells in lymph nodes was equivalent between groups, however,
Apoe” +HFD P-EAE mice had a smaller proportion of IFNy'IL-17*
CD4+T cells (Supplementary Fig. 6h). In all, these data propose some
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relatively small changes in T cell responses in Apoe”+HFD subjected
to P-EAE.

We then turned our attention to myelopoiesis and myeloid cell
generation in Apoe” +HFD subjected to P-EAE. Relative to WT EAE
mice, the femur BM of Apoe”+HFD P-EAE mice tended to have more
LSKs and contained significantly more MPP3s at 21 dpi (Fig. 4j). Mea-
surements of hematopoietic growth factors revealed a higher con-
centration of M-CSF and a tendency towards more GM-CSF in the
femur BM of Apoe”+HFD mice subjected to P-EAE (Fig. 4k). We did not
observe changes in vertebral or splenic myelopoiesis in Apoe” +HFD
P-EAE mice (Supplementary Fig. 7a, b). Together, these observations
demonstrate enhanced myelopoiesis in cardiometabolic mice with
EAE. We then sought to correlate the degree of myelopoiesis with
P-EAE clinical severity in control and hyperlipidemic settings. In WT
mice and Apoe” mice fed a HFD for 4 weeks we correlated the abun-
dance of blood monocytes and neutrophils prior to P-EAE induction
with their subsequent clinical severity after P-EAE was induced. We
found a robust, significant, and positive correlation between the
number of pre-P-EAE blood monocytes and neutrophils with clinical
score (Fig. 41) suggesting increased blood leukocytosis prior to disease
associates with worse clinical outcomes. Together, our observations
put forth the hypothesis that enhanced myelopoiesis and systemic
monocytosis and neutrophilia induced by hyperlipidemia and the
cardiometabolic syndrome worsens neuroinflammation and clinical
severity in P-EAE. Increased body mass index (BMI), a surrogate for
adiposity, obesity, and a risk factor for cardiometabolic syndrome,
elevates instance of MS***, In line with our murine findings, persons

living with MS with increasing BMIs have higher blood leukocyte
counts suggesting systemic leukocytosis and elevated hematopoiesis
(Fig. 4m; p<0.0001; 18-25 vs. 25-30 p=0.0053; 18-25 vs. 30"
p<0.0001; 25-30 vs. 30" p=0.297). Together, our data support the
idea that an unhealthy diet, hyperlipidemia, and cardiometabolic
syndrome may worsen MS severity by augmenting myelopoiesis and
leukocyte production.

Sleep disruption and hyperlipidemia modify M-CSF mediated
myelopoiesis to exacerbate progressive EAE

Given our findings, we sought to test the molecular mechanisms
linking sleep disruption and hyperlipidemia to myelopoiesis and dis-
ease severity in P-EAE. While sleep and hyperlipidemia modify myelo-
poiesis through numerous mechanisms'****°, how they do so in MS has
remained unknown. We tested if M-CSF signaling mediated lifestyle,
myelopoiesis, and P-EAE severity because M-CSF was elevated in Hert””
(Fig. 3i) and Apoe” +HFD (Fig. 4k) P-EAE mice. To do this, we intra-
peritoneally injected Hcrt”~ and Apoe” +HFD P-EAE mice with an anti-
M-CSF neutralizing antibody (a-M-CSF) or IgG control starting at dis-
ease induction (Fig. 5a). In Hcrt”~ mice, a-M-CSF did not alter the
number of splenic CD4, CDS8, Tbet" Tyl, Gata3" T2 or RORgT" Ty17
T cells (Supplementary Fig 8), but it did diminish blood Ly6C"
monocytes (Fig. 5b) and significantly reduced femur myelopoiesis
(Fig. 5¢). In line with reductions in monocytosis and myelopoiesis, a-M-
CSF treatment improved clinical symptoms in Hcrt”~ P-EAE mice
(Fig. 5d). Similarly, in Apoe”+HFD P-EAE, a-M-CSF treatment did not
alter splenic T cells (Supplementary Fig 8) but did reduce blood
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mice beginning at induction of P-EAE. Mice were injected every other day until
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Days
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kvggmpp. EAE experimental autoimmune encephalomyelitis, HFD high-fat diet,
Apoe”” Apolipoprotein E knockout, LSK Lin'Scal*cKit*, MPP3 myeloid-biased mul-
tipotent progenitor.
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Fig. 6 | Mediterranean diet restricts hematopoietic activity in individuals
with MS. a Schematic of human diet intervention study. b Change in NFI-MS, MSIS,
and EDSS by mediterranean diet (n =13 habitual diet, n =16 mediterranean diet).
¢ Enumeration of circulating PBMCs in participants after 6 months on their habitual
diet or the Mediterranean diet (n =14 habitual diet, n =17 mediterranean diet).

d Flow cytometry analysis of lineage'CD34* HSPCs. Quantification of HSPCs in MS
patients after 6 months on their habitual diet or the Mediterranean diet (n=13
habitual diet, n =14 mediterranean diet). e Quantification of circulating CD115"

HSPCs (n =14 habitual diet, n =14 mediterranean diet). f Quantification of circu-
lating CD123" HSPCs n = 14 habitual diet, n = 15 mediterranean diet). Data presented
as mean + SEM, *p < 0.05, *p <0.01, **p < 0.001, ***p < 0.0001. Two sided Mann
Whitney U tests. Created in BioRender. McAlpine, C. (2025) https://BioRender.com/
kvggmpp. MS multiple sclerosis, LDL low density lipoprotein, BMI body mass index,
NFI-MS neurological fatigue index-multiple sclerosis, MSIS multiple sclerosis
impact scale, EDSS expanded disability status scale, PBMCs peripheral blood
mononuclear cells, HSPCs hematopoietic stem and progenitor cells.

monocytes and myelopoiesis in the femur and vertebrae, and as a
result, clinical symptom severity (Fig. 5e-g). Together, these data
support the idea that lifestyle modifies myelopoiesis by manipulating
M-CSF signaling to alter clinical symptoms and disease severity in
P-EAE mice.

Mediterranean diet restricts myelopoietic activity and improves
clinical disability in people with MS

There is increasing evidence that improvement in diet benefits people
with MS. However, the mechanisms by which healthy diet ameliorates
clinical symptoms and slow disease progression in MS remain unclear.
Lifestyle change is a feasible low-cost intervention that might mean-
ingfully improve disease and quality of life for people with MS.
Therefore, understanding the mechanistic influence of diet on the
pathophysiological progression of MS is important. We assessed
myelopoietic activity and peripheral inflammation in women diag-
nosed with MS and randomly assigned to either maintenance of
habitual diet or a Mediterranean dietary intervention delivered
through monthly educational sessions® (Fig. 6a). The 6-month inter-
vention encouraged participants to consume fish and other foods high
in unsaturated fats, fresh fruits and vegetables, and whole grains while
eliminating meat, dairy, and most processed foods, and limiting salt
intake to <2g/day*. In the Mediterranean diet group, significant
increases in consumption of fish, fruit, oils, and vegetables were
observed™. We performed a subgroup analysis on 36 people with MS,
half of whom (n =18) were randomized to Mediterranean diet to test
how the intervention impacts myelopoietic activity. Relative to their
levels prior to starting the intervention, we observed a trend towards
decreased plasma low density lipoprotein (LDL) and significant
decreases in BMI and weight among participants assigned to Medi-
terranean diet whereas these parameters did not significantly change
among those consuming their habitual diet (Supplementary Fig. 9a).
We found that 6 months of Mediterranean diet significantly improved

clinical symptoms of MS including reducing the Neurological Fatigue
Index-MS (NFI-MS) score, the Multiple Sclerosis Impact Scale-29
(MSIS) score, and the Expanded Disability Status Scale (EDSS)
(Fig. 6b)*°. At the end of the 6-month intervention, we drew blood,
isolated peripheral blood mononuclear cells (PBMCs) and performed
flow cytometry analysis. We discovered that while blood PBMC abun-
dance was equivalent between the groups prior to intervention (Sup-
plementary Fig. 9b), individuals with MS assigned to Mediterranean
diet had significantly fewer PBMCs in their blood at the completion of
the intervention (Fig. 6¢). We then turned our attention to circulating
Lin'CD34" hematopoietic stem and progenitor cells (HSPCs) and dis-
covered that while their abundance in the blood was not different
between the groups prior to the intervention, it tended to be reduced
in individuals assigned to the Mediterranean diet (Fig. 6d and Sup-
plementary Fig. 9b). Further, we assessed myelopoietic HSPCs that
expressed M-CSF’s receptor CD115 or IL-3’s receptor CD123 (IL-3Ra)
and are thus poised for myeloid cell differentiation and production.
We found significant reductions in circulating CD115* and CD123*
HSCPs in people with MS that consumed a Mediterranean diet
(Fig. 6e, f). All together, these observations demonstrate that con-
suming a Mediterranean diet can lower hematopoietic activation,
M-CSF responsiveness, and immune cell generation and improve MS
clinical symptoms.

Discussion

Immune cells and inflammatory networks are consequential to
MS*78, However, little is known about leukocyte production and the
lifestyle factors that modulate myelopoiesis and alter disease pro-
gression. Our study identifies temporal and dynamic changes in
immune cell generation in multiple organs in murine models of
relapsing-remitting and progressive MS. We also reveal that
sleep disruption and hyperlipidemia, lifestyle factors that worsen
MS, augment myelopoiesis through M-CSF signaling and
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consequently aggravate disease. Finally, through an interventional
trial in people living with MS, we demonstrate that a healthy Medi-
terranean diet that lowers circulating lipids improves clinical symp-
tomology of MS and restrains hematopoietic activity and blood
leukocytosis. Together, our data put forth the hypothesis that leu-
kocyte production is dynamic in MS and lifestyle factors that influ-
ence disease may do so in part by manipulating myelopoiesis in the
BM and spleen.

Our data show dynamic and temporally restricted changes in
myelopoiesis in murine models of MS. In RR-EAE, immune cell
abundance in the SC associates with clinical scoring with highest
neuroinflammation at peak disease, which reduces significantly
during remission. In the periphery, however, immune cell
abundance and production precedes neuroinflammation and clinical
scoring as monocytes peak prior to onset of clinical symptoms and
recede during the crest of clinical disability before rising again dur-
ing remission and dissipating during relapse. This discordance
extends to their hematopoietic precursors in the femur BM, the
vertebral BM, and the spleen, where we observe a progressive
expansion of HSCs. In mice with P-EAE, we discovered differential
temporal leukocyte dynamics dependent on the tissue. Blood
monocytosis and neutrophilia increase throughout P-EAE while
myelopoiesis in the femur BM and spleen is augmented during the
progressive phase and diminishes during the chronic phase. In
the vertebral BM, a location in close proximity to the SC, myelopoi-
esis is progressively increased through all stages of P-EAE.
These observations establish disparate and temporally restricted
dynamics of neuroinflammation, systemic leukocytosis, and medul-
lary and extramedullary myelopoiesis in relapsing-remitting and
progressive P-EAE.

We further discovered that lifestyle factors known to advance
MS, including disrupted sleep and hyperlipidemia, augment myelo-
poiesis to worsen disease. Sleep disruption or hyperlipidemic cardi-
ometabolic syndrome leads to profound increases in blood
leukocytes and myelopoiesis in the femur and vertebrae, and wor-
sens clinical severity, neuroinflammation, and demyelination, phe-
notypes that are reverted by M-CSF blockade. Surprisingly, in the
setting of hyperlipidemia, blood monocyte levels prior to P-EAE
induction correlate with clinical outcomes and severity. Lastly, we
rely on an interventional trial in individuals with MS to show that 6
months of Mediterranean diet improves blood lipid profiles, clinical
symptoms, blood leukocytosis, and hematopoietic activity. In people
with MS randomized to a Mediterranean diet, we observed significant
reductions in blood PBMCs and M-CSF-responsive myeloid skewed
CD115" HSPCs. Together, our data suggest M-CSF regulated myelo-
poiesis as a causal mechanistic and cellular link between life-
style and MS.

Our findings implicate myelopoiesis in MS severity and wor-
sening and suggest immune cell generation in the femur BM, the
vertebral BM, and the spleen are important systemic immune
responses. We provide evidence for the temporal and dynamic nat-
ure of myelopoiesis in two murine models of MS representing all
phases of the disease. Mobilization of myeloid cells from the blood to
the CNS is a critical process in MS pathology’®. However, our
understanding of myeloid cell generation in MS has remained lim-
ited. Our results build on the idea that MS is a systemic immune
disease that involves myelopoiesis in multiple medullary and extra-
medullary sites. Our study aligns with prior work in the field of car-
diology that has demonstrated causal increases in myelopoiesis and a
shift towards splenic myeloid cell production in chronic inflamma-
tory settings like atherosclerosis” and myocardial infarction”. Our
findings illuminate dynamic and temporally important monocyte and
neutrophil generation in the spleen as a crucial source of systemic
inflammation during MS. Further, we identify alterations in myelo-
poiesis in the vertebral BM. This location is in close proximity to the

CNS and is directly connected via ossified channels®* . This route is
crucial to neuroinflammation and leukocyte influx to the brain and
spinal cord. For example, in meningitis, monocytes in the skull BM
are mobilized and traffic through these channels to influx the CNS®°.
Future studies will need to evaluate potential disparate contribution
and functional programming of monocytes generated in the BM of
long bones, the vertebrae, and the spleen during CNS inflammation
and demyelination in MS.

MS is considered a lymphocyte-driven autoimmune disease,
whereby autoreactive CD4" T cells infiltrate the CNS and cause the
progressive loss of myelin sheaths. However, emerging evidence
indicates that leukocytes of the myeloid lineage also play a prominent
role in neurodegeneration and MS pathogenesis®’. Monocyte and
neutrophils have been shown to infiltrate the CNS and produce pro-
inflammatory cytokines and chemokines, which exacerbate neuroin-
flammation and reactivate autoimmune CD4" T cells®. Here, we show
that peripheral Ly6C" monocytes and neutrophils, but not B cells,
CD4", and CDS8" T cells, are dynamic through the different clinical
stages of MS, suggesting a link between myelopoiesis and disease
progression. Consistent with this, we observe the greatest changes in
the myeloid-biased MPP3 progenitor population in each model and
significantly elevated M-CSF in the bone marrow. Crucially, blood
monocytes temporally precede periods of clinical disability, which
suggests that peripheral monocytosis could be associated with relap-
ses. Indeed, people with MS and higher monocyte-to-lymphocyte
ratios were found to be at an elevated risk of relapse within 2 years®*
and have more severe brain atrophy and clinical disability®, but further
clinical validation is needed. Current MS therapies have predominantly
focused on reducing lymphocyte infiltration of the CNS. However, data
presented here and elsewhere? suggest that myeloid cells and their
production in the BM and spleen, may be novel therapeutic opportu-
nities. Certainly, systemically administered therapies that block the
M-CSF receptor have been reported to be beneficial in EAE models®® -
whether their effects are exerted centrally or peripherally, or a com-
bination thereof, remains to be explored.

The signals that drive increased myelopoiesis in MS will also need
to be further explored in the future. While CCL5 has been previously
implicated®, our data demonstrate that lifestyles modify M-CSF sig-
naling to alter myelopoiesis and consequently clinical symptoms. The
important role of M-CSF in the CNS during MS has been established,
specifically via its action on microglia®” %, Previous work has shown
that M-CSF is upregulated in the spinal cords of EAE mice and drives
microglia-mediated demyelination and neuron loss®. Elevated M-CSF
has been reported in people with progressive MS, which aligned spa-
tially with demyelinating lesions’®, suggesting that M-CSF may be a
regulator of pathology in the diseased CNS. Here, we demonstrate that
M-CSF mediates lifestyle-regulated MS progression via its actions
outside the CNS as a stimulant of myeloid cell production. We find that
lifestyle elevates M-CSF in the BM of RR-EAE and P-EAE mice, that
blockade of M-CSF abrogates sleep disruption- and cardiometabolic
syndrome-induced myelopoiesis and symptoms, and that HSPCs that
express M-CSF’s receptor CSFIR (also called CD115) are reduced in
people with MS randomized to the Mediterranean diet. In agreement,
mice with bone marrow-specific CsfIr deletion exhibit attenuated EAE,
compared to controls®. Together, these findings support the notion
that M-CSF is impacted by lifestyle and acts in the BM to regulate
myelopoiesis during MS and consequently influence clinical symptoms
and disease severity. Future studies will need to investigate these links
in greater detail and test the therapeutic potential of targeting M-CSF-
mediated myelopoiesis in MS.

Lifestyle factors are contributing to an increase in MS”’. While
many environmental factors can influence MS—including Epstein-Barr
virus or cytomegalovirus infections, smoking, sun exposure, and
tobacco use—obesity, hyperlipidemia, and sleep disruption are among
the most recognized®. There appears to be a critical window during
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adolescence when high BMI strongly increases the likelihood of
MS*22*, Similarly, shift work, insufficient or disrupted sleep raise the
risk of MS*%, The mechanistic pathways that link obesity and sleep
disruption to MS are unclear. Our data propose myeloid cell genera-
tion as one biological process that connects lifestyle factors, including
dyslipidemia and sleep disruption, to MS. The mechanisms by which
hyperlipidemia or sleep disruption augment myelopoiesis is an area of
active research and have not been tested in the setting of MS. Elevated
levels of cholesterol can incorporate in the HSC cell membrane dis-
rupting integrity and leading to increased responsiveness to hemato-
poietic growth factors including IL-3 and M-CSF*. Sleep disruption
also augments myelopoiesis through its modulation of growth factor
signaling®®. Hypocretin limits the production of M-CSF in the BM by a
population of pre-neutrophils. Therefore, when hypocretin levels are
low, as occurs during sleep fragmentation, BM M-CSF abundance
increases leading to HSC proliferation and monocytosis. These and
alternative molecular mechanisms will need to be tested in MS and its
murine models.

We cannot assume that the reversal or improvement of a negative
stimulus will have opposing beneficial effects in patients. We therefore
relied on an interventional study to improve diet and reduce plasma
lipids in individuals with MS. Along with improvements in clinical
motor function, people with MS who consumed a Mediterranean diet
had lower blood leukocyte levels and hematopoietic activation. These
changes might be due to reduced myeloid cells differentiation and
lineage commitment. These observations demonstrate that lifestyle
factors that improve MS associate with reduced myelopoiesis, mono-
cytosis, neutrophilia, and systemic inflammation. This raises the pos-
sibility that lifestyle interventions, including improving diet and
increasing and consolidating sleep, can restrain myelopoiesis and
systemic leukocytosis to improve MS outcomes.

Our data begin to elucidate the temporal dynamics of myelopoi-
esis in MS and its preclinical models and offer cellular and molecular
mechanisms connecting lifestyle to M-CSF regulated myeloid cell
production, CNS inflammation, and MS. Lifestyle intervention should
continue to be a focus of MS management and care and adopting
peripheral inflammatory testing and monocyte enumeration, in asso-
ciation with disease stage, may provide new insights into a patient’s
disease progression. Altogether, our data begin to resolve the con-
tribution of myelopoiesis to MS.

Methods

Animal studies

Wild-type C57BL/6 (Strain #000664), SJL/) (Strain #000686), and
Apoe”” (Strain#002052) mice were purchased from the Jackson
Laboratory. Hcrt”~ mice were bred in-house*. All mice were housed in
a barrier facility. Female mice were used except in Supplementary
Fig 1f and Supplementary Fig 2f where male mice were used. During
EAE mice were single housed, otherwise mice were grouped housed.
All mice were given ad libitum access to food and water prior to
experimentation. Mice were housed in 12 h light and 12 h dark cycles at
23 °C and 20% humidity. Experiments were initiated when mice were
9 weeks (relapsing-remitting EAE) or 12 weeks old (chronic EAE). Age-
and sex-matched mice were used. Where appropriate, mice were ran-
domly assigned to interventions. All animal protocols were approved
by the Animal Review Committee at the Icahn School of Medicine at
Mount  Sinai  (Protocol numbers PROTO0202100023 and
PROT0202300000060) and were in compliance with relevant ethical
considerations.

In vivo interventions

Hyperlipidemia and cardiometabolic complex. Beginning at
8-10 weeks of age, Apoe” or WT mice were fed a high-fat diet (HFD;
Harlan Teklad TD.88137) for 4 weeks prior to EAE induction. Mice
continued to consume the HFD after EAE induction. From long-term

HFD feeding, WT mice were fed a HFD for 10 weeks prior to P-EAE
induction.

EAE induction and scoring. Mice were individually housed prior to
initiation of EAE to reduce stress and improve consistency. For the
relapsing-remitting EAE model (RR-EAE), EAE was induced in SJL/) mice
with subcutaneous injection of PLPj9.45; (native)/CFA emulsion
(Hooke Laboratories, Inc., EK-0230) on day 0. For the chronic EAE
model, EAE was induced in C57BL/6 mice with the MOGs3s.s5/CFA
emulsion PTX kit (Hooke Laboratories, Inc., EK-2110). Mice were
injected subcutaneously with the emulsion on day O followed by
subsequent intraperitoneal injections of pertussis toxin on days 0 and
1. Mice were monitored and scored daily for disease signs according to
the following 5-point clinical scoring criteria: O - no disease, 0.5 -
partial tail limp, 1.0—full tail limp, 1.5-mild gait impairment, 2.0—
severe gait impairment, 2.5—partial hindlimb paralysis, 3.0—complete
hindlimb paralysis/legs unable to paddle past hip, 3.5—hindlimb
paralysis and forelimb paresis/unable to right, 4.0—hindlimb paralysis
and partial forelimb paralysis with minimal movement around the
cage, 4.5—hindlimb and forelimb paralysis with no movement around
the cage, 5.0—death.

Sleep fragmentation. Sleep fragmentation (SF) was performed as
described****%, Briefly, mice were placed in SF chambers (Lafayette
Instrument) and a sweep bar moved automatically along the bottom of
the cage just above the bedding every minute during the light cycle
(ZT0-12) daily. The sweep bar automatically shut off during the dark
cycle (ZT12-24). Mice were exposed to SF for 10 weeks prior to initia-
tion of P-EAE. Control mice whose sleep was unaltered were placed in
SF chambers with a stationary sweep bar.

a-M-CSF treatment. Animals received intraperitoneal injections of
200 pg of anti-CSF1 (M-CSF) antibody (BioXcell, clone 5A1, BE0204) in
PBS, every other day beginning from day 0. Once clinical symptoms
began, injections were administered daily. Control mice received
200 pg of 1gGl isotype control (BioXcell, clone HRPN, BEOO8S).

Cells

Cell isolation. Peripheral blood was collected either by retro-orbital
bleeding (non-terminal) or cardiac puncture (terminal) into EDTA to
prevent clotting and erythrocytes were lysed in RBC lysis buffer (Bio-
Legend, San Diego, CA, 420302). Mice were perfused transcardially
with 20 mL of cold PBS and the spleen, femurs, tibias, vertebrae, and
spinal cord (SC) were collected. The spleen was weighed and strained
through 100 pm mesh (BD Biosciences). Femur bone marrow was
extracted by flushing the bone with PBS and dissociated with a needle
and syringe. Ventral vertebrae were cut and isolated, minced in
digestion buffer (450 U/mL collagenase 1, 125 U/mL collagenase XI,
60 U/mL DNase I, 60 U/mL hyaluronidase, 20 mM HEPES [Sigma-
Aldrich]) and passed through 100 pm mesh with PBS. Spleen and
femur and vertebral bone marrow were then subjected to RBC lysis
buffer to generate a single-cell leukocyte suspension. SC was dissected
from the vertebral column and was minced in digestion buffer for
30 min in a thermomixer at 1000 rpm and 37 °C. After digestion, SC
suspensions were passed through 100 um strainer, resuspended in
30% Percoll (Cytiva, 45-001-747)/PBS solution, and a 70% Percoll/PBS
solution was underlaid using a Pasteur pipette. Samples were cen-
trifuged at 500 x g for 30 min at room temperature with the accel-
eration and brake off. The myelin layer was removed and the cell
fraction and mononuclear cell interface was collected and washed with
PBS before proceeding.

Mouse flow cytometry. Single cell suspensions were stained in PBS
supplemented with 0.5% BSA and 0.5% EDTA. The following antibodies
were used for flow cytometric analysis: anti-CD45 (BV711, clone 30-F11),
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anti-CD11b (APC-Cy7, clone M1/70), anti-Ly6G (Pacific blue, clone 1A8),
anti-CD115 (BV605, clone AFS98), anti-Ly6C (FITC, clone HK1.4), anti-
CD4 (PE-Cy5, clone GK1.5), anti-CD8a (APC, clone 53-6.7), anti-CD19
(PE, clone 1D3/CD19), linage cocktail (all in PE: B220 clone RA3-6B2,
CD19, clone 1D3/CD19, CD49.b clone DX5, Terll9 clone TER-119,
CD90.2 clone 53-2.1, CD11b clone M1/70, CD11c clone N418, Ly6G clone
1A8, CD127 cone S18006K), anti-ckit (PE-Cy7, clone SolAl15), anti-Sca-1
(APC-Cy7, clone D7), anti-CD150 (APC, clone TC15-12F12.2), anti-CD135
(BV421, clone A2F10), anti-CD48 (Alexa Fluor 700, clone HM48-1), anti-
CD34 (PE-CyS5, clone MECI4.7), anti-CD16/32 (FITC, clone 93), anti-
CX5CR1 (BV510, clone SAO11F11), anti-MHCII (Alexa Fluor 700, M5/
114.15.2), CD44 (APC-Cy7, clone IM7), CD62L (AlexaFluor700, MEL-14),
and anti-CD11c (BV60S, N418). All antibodies were purchased from
Biolegend or Invitrogen and used at 1:700 dilution. Viable cells were
identified as unstained cells with Live/Dead Blue (Molecular Probes,
123105 1:1000). Data were acquired on the Cytek Aurora and analyzed
with FlowJo software (Tree Star, Ashland, OR). Gating strategies are
provided within the figures and correspond to each instance of ana-
lysis for a given cell type.

For intracellular staining, cells first underwent extracellular
staining as described above, then were fixed and permeabilized (BD
Cytofix, BD Biosciences, 554655) for 20 min at 4 °C and washed with BD
perm/wash buffer (BD Biosciences, 554723). Cells were incubated in
intracellular antibodies in BD perm/wash buffer at room temperature
for 45 min. The following intracellular antibodies were used: anti-IL-3
(PE, clone MP2-8F8), anti-GM-CSF (BV421, clone MP1-22E9), anti-IFNy
(BV605, clone XMG1.2), anti-IL-17A (PE-Cy7, clone TC11-18H10.1), anti-
Tbet (AlexaFluor647, clone 4B10), anti-RoRyT (PE-Cy7, clone Q31,378),
anti-GATA3 (APC, clone 16E10A23). All antibodies were purchased
from BioLegend, BD Horizon, or BD Pharmingen and were used at
1:200 dilution.

Histopathology

Tissue processing and staining. Isolated SC was post-fixed in 4% PFA,
followed by overnight incubation with 30% sucrose. Spinal cords were
then frozen and embedded in OCT and serial sections were collected
with the cryostat (20pum). Demyelination of spinal cords was analyzed
by staining with Fluoromyelin red, according to manufacturer’s
instructions (Invitrogen, F34652). Sections were imaged with the
Keyence fluorescence microscope (BZ-X800 Series) and analyzed by
ImageJ. Percent demyelination per section was calculated by area of
white matter demyelinated/total area of white matter x 100. Average %
demyelination was then calculated for each spinal cord.

Molecular biology

ELISAs. GM-CSF (EK0365), IL-3 (EKO403) and M-CSF (EK0445) were
measured in bone marrow fluid, collected from long bones, with ELISA
kits from Boster Biological, according to manufacturer’s instructions.

Human studies

UK Biobank. The UK Biobank was established across 22 assessment
centers in England, Scotland, and Wales from 2006 to 2010, enrolling
502,411 middle to older aged individuals (aged 37-73 years, average
age 56.5 years). Participants provided written, informed consent. The
Biobank received ethical approval from the Northwest Multi-Centre
Research Ethics Committee (ref 11/NW/03820). This study is regis-
tered with research ID 95409. We classified individuals according to
the date of blood sampling at instance zero (date of assessment), as
having either a retrospective clinical diagnosis of multiple sclerosis
(ICD10 code G35), or having a lifetime absence of MS. The latter was
defined as having an absence of either self-reported or ICD-coded
diagnosis of MS either retrospectively (prior to blood sampling) or
prospectively using ~20 years of available follow-up health-linkage
data. Demographic information for each cohort is depicted in
Table SI.

Diet intervention study. We performed a pilot study of a modified
Mediterranean dietary program in women with MS aged 18-65 years.
Detailed study methodology and results have been published* and are
summarized here. The study was approved by Mount Sinai’s Institu-
tional Review Board and posted on clinicaltrials.gov prior to enroll-
ment of the first participant (NCT02986893). Recruited volunteers
provided written informed consent. Thirty-six women with MS were
enrolled between December 2016 and August 2017. After completing
the informed consent process and a baseline assessment, which
included blood specimen collection, participants were randomly
assigned to either the Mediterranean dietary intervention program or
to continue their usual dietary habits for 6 months. Those assigned to
the dietary intervention had several initial meetings with the study
dietitian and study PI to learn how to follow the dietary guidelines.
They were provided materials and resources on topics such as shop-
ping in the grocery store, cooking, and travel, as well as a number of
samples recipes and grocery lists. The intervention group participants
were encouraged to emphasize fruits, vegetables, olive oil, fish, and
whole grains, to limit the intake of processed foods especially refined
sugars, and to eliminate meat and dairy for the duration of the study.
There was no guidance provided about caloric intake. The intervention
group participants met with the study dietitian monthly for continued
education and to troubleshoot issues. Adherence was assessed by
completion of several food frequency questionnaires, monthly de-
identified self-assessments, and several “surprise” dietary recalls. Non-
intervention participants were offered participation in educational
seminars of interest to people with MS, and were provided access to
study materials at study conclusion upon request. The main aims of the
study related to clinical trial feasibility regarding enrollment targets
and timeline, attrition, and adherence. All of these endpoints were
satisfied. Due to the pilot nature of the study, particularly the small
sample size, clinical endpoints were considered exploratory. Despite
this, we detected improvements in the Neurological Fatigue Index,
Multiple Sclerosis Impact Scale 29, and Expanded Disability Score in
the intervention as compared to the non-intervention group. Blood
specimens were also collected at baseline and after 6 months, to
enable future research. The Human Immune Monitoring Core at
Mount Sinai immediately processed these specimens and extracted
and stored PBMCs as explained below.

PBMC collection. Whole blood was collected from MS patients into
EDTA-treated vacutainers. Samples were kept at room temperature
and processed within 3 h by the Human Immune Monitoring Center
(HIMC), Icahn School of Medicine at Mount Sinai. After collecting
plasma, whole blood was combined 1:2 with PBS and added on top of a
layer of Ficoll (Cytiva, 45-001-750). The Ficoll gradient was centrifuged
for 10 min at 1200 x g at room temperature, without brake. The PBMC
layer was isolated and washed in PBS followed by centrifugation at
500 x g for 10 min at 4 °C. The resulting cell pellet was resuspended in
PBS and cell density was counted. PBMCs were subsequently pelleted
and resuspended in Human Serum AB and 10% DMSO. PBMCs were
transferred to a cryovial and stored in liquid nitrogen.

Human flow cytometry. For flow cytometry of human leukocytes,
cells were quickly warmed in a 37 °C water bath. 1 ml of prewarmed
RPMI1640 media containing 10% FBS was added to the cells. Cells were
transferred to a 15-ml tube containing 10 ml of RPMI1640 media
(ThermoFisher, 11875085), supplemented with 10% FBS (A5675085).
Cells were spun at 200 x g for 10 min and washed in PBS before
staining with antibodies. Cells were distributed 9:1 into 2 tubes for
HSPC and mature cell panel, respectively, and stained in PBS supple-
mented with 2% FBS, 0.5% BSA, and 0.5% EDTA. The following mono-
clonal antibodies (clone) were used at a dilution of 1:700 unless
otherwise indicated: anti-CD10 (APC-Cy7, clone HI10a), CD235a (APC-
Cy7, clone HI264), CD2 (APC-Cy7, clone RPA-2.10), CD8a (APC-Cy7,
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clone RPA-TS8; BV605, clone RPA-T8), CD4 (APC-Cy7, clone RPA-T4;
BV785, clone OKT4), CD20 (APC-Cy7, clone 2H7), CD56 (APC-Cy7,
clone HCD56), CD19 (APC-Cy7, clone HIB19; PE-CyS5, clone HIB19),
CD14 (APC-Cy7, clone HCD14), CD34 (APC, clone 8G12), CD38 (PE-Cy7,
clone HIT2), CD90 (FITC, clone 5E10), CD123 (PerCP-Cys5.5, clone 6H6),
CD115 (BV711, clone 9-4D2-1E4), CD131 (PE, clone 1Cl1), CD45 (BV711,
clone HI30), CCR2 (BV510, clone K036C2), CD3 (Spark Blue 550, clone
SK7), CD16 (Pacific blue, 3G8), SLAN (APC, clone M-DC8), HLA-DR
(BV650, clone L243).

Statistics

Results are presented as mean+S.E.M. Statistical analysis was per-
formed using GraphPad Prism 9 (GraphPad Software). Statistical tests
included unpaired t-test, one- or two-way ANOVAs followed by Sidak’s
post-hoc test. For correlation analysis, correlation was computed using
Pearson correlation coefficients. P values of 0.05 or less were con-
sidered significant.

Illustrations
lllustrations were made with Biorender under an academic license.

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

Data availability

All data are included in the Supplementary Information or available
from the authors, as are unique reagents used in this Article. The raw
numbers for charts and graphs are available in the Source Data file
whenever possible. Source data are provided with this paper.
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