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Abstract

Homozygous mutation of the Csf1rlocus (Csf1rko) in mice, rats and humans leads to multi-
ple postnatal developmental abnormalities. To enable analysis of the mechanisms underly-
ing the phenotypic impacts of Csf1rmutation, we bred a rat Csf1rko allele to the inbred dark
agouti (DA) genetic background and to a Csf1r-mApple reporter transgene. The Csf1rkoled
to almost complete loss of embryonic macrophages and ablation of most adult tissue macro-
phage populations. We extended previous analysis of the Csf1rko phenotype to early post-
natal development to reveal impacts on musculoskeletal development and proliferation and
morphogenesis in multiple organs. Expression profiling of 3-week old wild-type (WT) and
Csf1rkolivers identified 2760 differentially expressed genes associated with the loss of mac-
rophages, severe hypoplasia, delayed hepatocyte maturation, disrupted lipid metabolism
and the IGF1/IGF binding protein system. Older Csf1rko rats developed severe hepatic
steatosis. Consistent with the developmental delay in the liver Csf1rko rats had greatly-
reduced circulating IGF1. Transfer of WT bone marrow (BM) cells at weaning without condi-
tioning repopulated resident macrophages in all organs, including microglia in the brain, and
reversed the mutant phenotypes enabling long term survival and fertility. WT BM transfer
restored osteoclasts, eliminated osteopetrosis, restored bone marrow cellularity and archi-
tecture and reversed granulocytosis and B cell deficiency. Csf1rko rats had an elevated cir-
culating CSF1 concentration which was rapidly reduced to WT levels following BM transfer.
However, CD43" non-classical monocytes, absent in the Csf1rko, were not rescued and
bone marrow progenitors remained unresponsive to CSF1. The results demonstrate that
the Csf1rko phenotype is autonomous to BM-derived cells and indicate that BM contains a
progenitor of tissue macrophages distinct from hematopoietic stem cells. The model
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provides a unique system in which to define the pathways of development of resident tissue
macrophages and their local and systemic roles in growth and organ maturation.

Author summary

Monocytes and macrophages are cells of the innate immune system produced by the bone
marrow that can be recruited into tissues to support defense against infection and repair
following injury. So-called resident macrophages are abundant in every tissue in the body.
Their numbers are controlled by a hormone-like growth factor called macrophage col-
ony-stimulating factor (CSF1). Mutations in the surface receptor (CSF1R) that enables
macrophages to respond to CSF1 lead to the loss of tissue macrophages. Human patients
born with CSF1R mutations may die in infancy or suffer severe developmental abnormali-
ties in the skeleton and brain. In this study we report the effects of the loss of tissue macro-
phages on postnatal growth and development in a rat model of CSF1R deficiency. In this
model there was a global loss of resident macrophages, severe postnatal growth defects,
failure of development of multiple organs including the liver and early death. The effects
of the mutation could be rescued completely by transfer of normal bone marrow cells into
the peritoneal cavity at weaning permitting long term survival and even fertility. The
results indicate that postnatal expansion of tissue macrophage populations is essential for
normal development.

Introduction

Resident macrophages are abundant in every tissue in the body and adapt to each tissue envi-
ronment by expressing unique gene sets required for their local functions (reviewed in [1,2]).
Their differentiation from progenitor cells, their gene expression profile and their survival/
maintenance in tissues is controlled by two ligands, colony stimulating factor 1 (CSF1) and
interleukin 34 (IL34), which each signal through the CSF1 receptor (CSF1R) (reviewed in [3]).
The biology of CSF1R and its ligands is conserved from fish and birds to mammals [4-6]. In
mice, the impacts of a homozygous CsfIr knockout mutation (CsfIrko) include perinatal mor-
tality, postnatal growth retardation, increased bone density (osteopetrosis), global defects in
brain development and abnormalities of the sensory nervous system, infertility and delayed
pancreatic beta cell development (reviewed in [3,7]). Many of the effects of the CsfIrko in mice
are shared with mutations in the CsfI gene [3,7].

Phenotypes associated with biallelic recessive mutations in human CSFIR appear somewhat
less severe although it is not clear that any such mutations are definitively null for CSF1R func-
tion (reviewed in [6]). Patients present with abnormal skeletal development and calcification,
ventricular enlargement (hydrocephalus) and selective loss of microglia in the brain leading to
degenerative encephalopathy and brain malformations [8-11]. Although utility is compro-
mised by the comparative lack of reagents, the rat has many advantages over the mouse for the
study of development, physiology, pathology and mononuclear phagocyte homeostasis
(reviewed in [12]). We previously generated and characterised Csflrko rats as an alternative
model of human CSF1R deficiency [13]. This model was initially established and analysed on a
mixed genetic background to avoid the pre-weaning mortality seen in CsfIrko mice. Although
the gross osteopetrotic phenotype of these rats was 100% penetrant, post-weaning survival was
variable and apparently female-biased [13]. To enable us to test complementation of the
Csflrko mutation by transfer of bone marrow (BM) and to establish a more consistent model
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we back-crossed the original outbred line to the dark agouti (DA) inbred background, which
was the origin of the ES cells used in homologous recombination to generate the original
Csflrko rats [13]. Unlike inbred Csflrko mice, the majority of the inbred DA Csflrko rats sur-
vive to adulthood. In the present study we use the inbred line to analyse the profound impacts
of the Csflrko on tissue monocyte and macrophage populations and the growth and develop-
ment of the skeleton and major organs in the early postnatal period. We show that CSF1R-
dependent macrophages are essential in the liver for postnatal hyperplasia, hepatocyte func-
tional maturation and lipid metabolism and that resident macrophage populations and the
pleiotropic Csflrko phenotypes can be almost completely reversed by transfer of BM cells from
wild type (WT) congenic animals at weaning. Our findings demonstrate that expansion and
maturation of resident tissue macrophage populations is a key event in postnatal development
that controls somatic growth and organ development.

Results
The effect of Csflrko on embryo survival and postnatal growth in rats

Previous analysis of the CsfIrko on the outbred background focussed on surviving adult female
animals [13]. The postnatal mortality was variable and apparently more penetrant in males.
The impact of the mutation on the inbred DA background remained distinct from the pre-
weaning lethality reported in inbred Csflrko mice [3,14,15]. There was some evidence of early
postnatal mortality, especially in first litters, but the large majority of CsfIrko pups survived.
The genotype frequencies at weaning from a heterozygous mating were WT 0.27, heterozygote
0.53, Csflrko 0.19, based upon 65 litters. The majority of homozygous DA Csflrko animals that
survived to weaning were sacrificed because of breathing difficulties by 10 weeks.

To dissect the mechanisms underlying the Csflrko phenotype, we first examined the effect
of the CsfIrko on macrophage populations in the embryo. IBA1 staining labelled the abundant
macrophage populations in the liver and throughout the WT embryos at around 10.5 days of
gestation whereas staining was almost absent in CsfIrko embryos in the same litters (Fig 1A
and 1B). A similar lack of IBA1™ cells was observed at later gestational age (12.5-13.5dpc; not
shown). One of the major functions of macrophages in the embryo is the clearance of apopto-
tic cells [16]. To examine this further we performed TUNEL (terminal transferase-mediated
dUTP-biotin nick end-labelling) staining to detect apoptotic cells. There was no evidence of
accumulation of TUNEL" staining except for occasional cells in the liver (Fig 1C and 1D).
Locations where CSF1R* macrophages are actively involved in phagocytosis of apoptotic cells
include the interdigital region and the pharyngeal arches [17]. However, we saw no evidence
of delay in clearance of dying cells (e.g. accumulation of pyknotic nuclei) in these regions
despite the complete absence of IBA1" cells in the Csflrko embryos (Fig 1B).

Like the outbred animals, the inbred Csflrko rats were indistinguishable from littermates at
birth in either body weight or morphology. By 3 wks they were less than 50% of the weight of
WT controls. Most organs, including the liver, were proportionally reduced but the absolute
weight of the brain was unaffected (S1A and S1B Fig). The relative lack of effect of the Csflrko
on the adult brain in outbred rats, aside from lateral ventricular enlargement, was described
previously [13]. The very limited impacts of the Csflrko on postnatal development of multiple
brain regions on the inbred background are reported elsewhere [18].

As reported previously, the relative growth advantage of males over females was also abol-
ished (S1C Fig). By 7 wks of age, the shape of the brain was clearly different between WT and
CsfIrko rats consistent with the radical difference in skull shape (S1D-S1F Fig). The reduced
somatic growth was associated with significant reductions in cellular proliferation in major
organs such as liver, lung and kidney as detected by localisation of Ki67 (Fig 2A-2F).
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Fig 1. IBA1 expression and TUNEL staining in WT and Csflrko embryos. (A, B) Histological analysis of IBA1 expression in embryos of (A) WT and (B)
Csflrko rats from the same litter approximately 10.5 days post conception (dpc). IBA1+ cells are detectable throughout the WT embryo and absent from the
Csflrko. The fetal liver, eye and paw (squares) and placenta is shown at higher magnification in the lower panels. Note that early digit condensation is evident
in the hind limb of the CsfIrko embryo but there are no infiltrating IBA1" cells. (C, D) TUNEL staining in the liver of (C) WT and (D) CsfIrko embryos
approximately 10.5 dpc. TUNEL" expelled nuclei retained in the Csflrko liver are highlighted by red arrows.

https://doi.org/10.1371/journal.pgen.1009605.g001

The effect of the CsfIrko on skeletal development

The skeletal phenotype of the outbred adult CsfIrko rat [13] closely resembles that of human
CSF1R-deficient patients, referred to as dysosteosclerosis [8]. Dai et al. [19] reported disorga-
nized matrix, reduced mineralization and osteoblast deficiency in the bones of 2-3 wk old
Csflrko mice. As shown in Fig 3A, analysis of the juvenile inbred Csflrko rats revealed that a
delay in skeletal calcification was already evident in newborns. By 3 wks of age secondary ossi-
fication centers of long bones and the small bones in the fore and hind paws were clearly defi-
cient (Fig 3B and 3C). Unlike the hyper-calcified skull base [13], a shared feature with human
bi-allelic CSF1R mutation [8,10,20], the cranial case of the Csflrko rats remained hypominera-
lized even in adults and closure of the sutures was impaired (Fig 3D). The delay in postnatal
musculoskeletal development was reflected in muscle. Sections through muscle at 7 days, 3
wks and 7 wks stained with laminin (Fig 3E and 3F) demonstrate that the relative cellularity
was similar and the reduced muscle mass in the CsfIrko was primarily associated with a reduc-
tion in muscle fibre diameter (i.e. failure of hypertrophy).

The impact of the Csflrko on the liver

There is a well-known homeostatic relationship between liver and body weight (reviewed in
[21,22]). In the outbred adult Csflrko rats analysed previously there was approximately 70%
reduction in Kupffer cells (KC) detected in the liver, associated with selective loss of KC-
enriched transcripts detected using microarrays [23]. To our knowledge there has been no pre-
vious analysis of the role of macrophages in postnatal liver development. In rodents, relative
liver mass increases several fold in the postnatal period reaching the adult liver/body weight
(LBW) ratio by around 4 wks of age [24,25]. The postnatal proliferative expansion of the liver
is associated with profound changes in gene expression. The FANTOMS5 consortium

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1009605 June 3, 2021 4/36


https://doi.org/10.1371/journal.pgen.1009605.g001
https://doi.org/10.1371/journal.pgen.1009605

PLOS GENETICS

The role of macrophages in postnatal development

A Liver B Kidney c Lung
7 : 3 AL PRI ’,,‘ ; TR S 7 ”"*‘,"'
. il s % 2 LR R i
; o ; Ta e ‘ W, - 3
5 530 pm &8 o T
£
Sl
o
500 ym 500 pm * 500 pm v
D E F
§ 61 p=0.0003 o Male 3 81 p=0.0012 o Male % 0.10- p=0.0007 5 i
- < b —
:(_ o O Female 5 6 O Female g 0.084 0 Female
s ¥ > 2
2 = 4 5 0.064
~ © =
< 2 < = 0.04- g
= >0 ©
o o0 o g T X 0,021
o Corpe’ 20 2 £ 000
T T T a0. v r
WT Csf1rko WT Csfirko WT Csf1rko

Fig 2. Detection of Ki67" proliferating cells in the liver, kidney and lung of WT and CsfIrko rats at 3 wks of age. (A-C) Representative images of Ki67
staining in (A) liver, (B) kidney and (C) lung of WT and CsflIrko rats. D-F) Quantitative analysis of Ki67+ cells in (D) liver, (E) kidney and (F) lung. n > 6
per genotype, graphs shows the mean + SD, genotype comparisons were analysed by Mann Whitney test.

https://doi.org/10.1371/journal.pgen.1009605.9002

generated a dense developmental time course of RNA expression in mouse liver using cap
analysis of gene expression (CAGE). Network analysis of these data revealed clusters of co-
expressed genes with distinct temporal profiles including postnatal expansion of a macro-
phage-related cluster [26]. To assess the role of CSF1R in this hepatic differentiation/matura-
tion process in the rat, we generated expression profiles of the inbred male and female Csflrko
and WT rats at 3 wks of age by RNA-seq. S1A Table contains the primary data and S1B Table
shows 2760 differentially-expressed genes (DEG) distinguishing WT and CsfIrko livers (FDR
<0.05). The DEG were grouped into a number of categories based upon known functions: (i)
growth factors; (ii) Kupffer cell/macrophage-associated; (iii) cell cycle-related; (iv) lipid metab-
olism; (v) liver function/maturation-associated. Fig 4A summarises representative DEG in
each category. The genes significantly reduced in the CsfIrko included Ghr, Igfl and Igfals,
with the latter most affected. IgfI and Ghr closely paralleled each other in individual WT and
Csflrko samples (S1A Table). By contrast, the genes encoding the major IGF1 inhibitory bind-
ing proteins Igfbp1 and Igfbp2 (which in mice were massively induced at birth and declined
rapidly thereafter; [26]) were highly-expressed and amongst the most over-expressed
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Fig 3. Postnatal skeletal development in Csflrko rats. (A) Representative 3D reconstruction of micro-CT images in newborn (Week 0)
and 1wk old WT and CsfIrko rats. Digits of forepaws in white boxes. (B) Alcian blue and Alizarin red staining of newborn WT and
Csflrko rats with ossified cartilage/bone stained red (black arrows) and unossified cartilage/bone stained blue. (C) Representative 3D
reconstructed micro-CT images of 3-week old rat ribcage (left panel) and hind paw (right panel) with arrow heads indicating variance in
ossification in distal metatarsal/proximal phalanges. (D) Representative 3D reconstructed micro-CT images of 7-wk old rat skull of WT
(top) and CsfIrko (bottom) rats. (E) Representative images of laminin staining of hindlimb muscles of WT and Csflrko rats at 1, 3 and 7
wks. (F) Average diameter of muscle fibres from the posterior tibialis in WT and Csflrko rats at 3 wks. Original magnification: 400X. Scale

https://doi.org/10.1371/journal.pgen.1009605.g003

transcripts in the 3 wk-old CsfIrko liver relative to WT. Aside from Igfl, known direct GH tar-
gets (e.g. Socs2, Socs3, Cish; [27]) were unaffected suggesting that GH signalling was not
impaired.

To identify gene co-expression networks, we analysed the data using the analysis and visual-
isation tool BioLayout (http://biolayout.org). The sample-to-sample network graph for all
transcripts revealed a clear separation based upon genotype but a lack of separation based
upon sex (Fig 4B). Clusters of co-expressed transcripts identified from a gene-to-gene correla-
tion network are summarised in S1C Table and gene ontology (GO) terms for the largest clus-
ters in S1D Table. Fig 4C shows the average profiles of the 4 co-regulated gene clusters that
distinguished the WT and CsfIrko. The three clusters with lower average expression in the
Csflrko are consistent with the relative loss of Kupffer cells (Cluster 6), reduced proliferation
and cell cycle (Cluster 5) and delayed liver-specific differentiation (Cluster 2). Cluster 3, which
contains transcripts expressed more highly, but variably, in the CsfIrko compared to WT is
enriched for transcripts associated with mitochondria and oxidative phosphorylation.

As observed previously in outbred juvenile WT rats [28] the livers of both WT and Csflrko
DA rats were mildly steatotic at 3 wks of age. Whereas this resolved with age in WT there was
progressive and extensive steatosis in the liver of older CsfIrko rats (Fig 5A) which was not
noted previously [13]. Because of the failure of tooth eruption, the CsfIrko rats were main-
tained on a modified diet (see Materials and Methods) but steatosis was not observed in the liv-
ers of WT rats maintained for 12 wks with access to the same diet (not shown). Mice with the
ligand mutation (CsfI°?°P) have been reported to have a substantial deficit in insulin-produc-
ing cells in the pancreatic islets [29]. The selective loss of visceral adipose tissue [28], which
was also evident in the inbred line, might suggest the reverse in the Csflrko rat. We therefore
measured circulating fed glucose and insulin levels and found small but significant reduction
in fed insulin and glucose levels in the CsfIrko at 7 wks of age (Fig 5B and 5C).

The effect of the CsfIrko on major organs

Further analysis of juvenile rats indicated that the developmental delay in the inbred Csflrko
was not confined to the liver. One phenotype we did not note previously was almost complete
involution of the thymus which was almost undetectable by 7 weeks of age (not shown). A sub-
set of major organs is shown in S2 Fig. In the rat, the process of nephrogenesis continues in
the immediate postnatal period [30]; the impact of the Csflrko on the kidney was not previ-
ously analysed [13]. By 7 wks of age, we observed profound renal medullary hypoplasia, which
was so severe that in most CsfIrko rats examined there was just a bud of papilla within the cen-
tral pelvicalyceal space. The cortex was correspondingly hyperplastic, but the tubules and glo-
meruli appeared relatively normal (S2A and S2B Fig).

The intestines of outbred adult Csflrko rats were not grossly abnormal and by contrast to
Csf1°P'°P mice, they were not Paneth cell deficient [13]. To dissect more subtle impacts of the
Csflrko in the inbred line we performed quantitative analysis of villus architecture in the
ileum. There were significant reductions in the length and width of the crypts and villi, and the
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Fig 4. Analysis of gene expression in livers of WT and CsfIrko rats. RNA-seq analysis was performed on liver RNA from 3 male and 3 female WT and
Csflrko rats at 3 wks of age. The full data set and the differentially-expressed gene analysis are provided in S1A and S1B Table. Co-expression cluster analysis
was performed using BioLayout as described in Materials and Methods. (A) Summary of regulated genes. Genes shown were regulated >2 fold in the livers
of Csflrko rats compared to WT. They have been assigned to categories based upon known function or expression. Genes in red encode proteins that inhibit
liver or somatic growth and are over-expressed in the Csflrko. (B) Sample to sample analysis of CsfIrko and WT liver samples. Circles represent samples and
lines between them show correlations of r > 0.93 between expression patterns of pairs of samples across all genes. (C) Average expression profile of four
clusters of co-expressed transcripts generated using a gene to gene analysis in BioLayout that distinguish CsfIrko and WT liver. Full list of transcripts within
each cluster is provided in S1C Table and GO annotation in S1D Table. Y axis shows the average expression of transcripts in the cluster (TPM); X axis

shows the samples with columns colored as for (B).

https://doi.org/10.1371/journal.pgen.1009605.9004
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Fig 5. Histological analysis of lipid accumulation in the liver and quantitative measures of blood glucose and serum
insulin. (A) Representative images of H&E staining in the liver of WT (top panel) and CsfIrko (bottom panel) rats at 3 wks (left
panels), 7 wks (middle panels) and 12 wks (right panels). (B) Blood glucose and (C) serum insulin levels measured at 3 wks in

WT and CsfIrko rats. n > 6 per genotype, graphs show the mean + SD, genotype comparisons were analysed by Mann Whitney
test.

https://doi.org/10.1371/journal.pgen.1009605.9g005

thickness of the submucosa in the CsfIrko (S2C-S2F Fig). Interestingly, given the reported
role of CSFIR dependent macrophages in M cell differentiation in mice [31], we noted for the
first time that macroscopic Peyer’s patches were almost undetectable in the Csflrko rats at 3
wks and remained so at later ages.

The main welfare concern with the inbred CsfIrko is the development of progressive
breathing difficulty. We considered the possibility that macrophage deficiency might also
impact postnatal development of the lung. S2G Fig shows images of the inflated lungs of WT
and Csflrko rats at 3 wks stained with aldehyde-fuchsin to highlight elastin fibres and S2H Fig
quantitates the airway space. There was no unequivocal evidence of impaired alveolisation.
Flow cytometric analysis of disaggregated lung tissue revealed an increase in granulocytes in
CsfIrko rats by 9 wks (S2I and S1]J Figs), as seen in peripheral blood and BM, but there

remained no histological evidence of inflammation that could explain the impaired respiratory
function.
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As in the outbred line [13], male and female inbred Csflrko rats lacked development of pri-
mary and secondary reproductive organs. In males, the prostate and seminal vesicles and in
females the uterus were so under-developed as to be almost undetectable (not shown). CSFIR-
dependent macrophages have also been implicated in the process of branching morphogenesis
in the mammary gland in mice [32]. This was not previously analysed in the rat. S3 Fig shows
a comparison of mammary gland development in Csflrko and WT female DA rats at around 9
wks. The negative impact of the mutation on ductal development was evident from staining
with mature epithelial cell markers (KRT5, E-cadherin).

The effect of the Csflrko on tissue macrophages

Aside from limited analysis using CD68 as a marker in adult liver and spleen, the effect of the
Csflrko on resident macrophages other than microglia was not examined previously [13]. To
visualise resident macrophages we crossed the CsfIrko back to the Csflr-mApple reporter
transgene on the outbred SD background [33]. Fig 6 shows detection of the mApple transgene
in a diverse set of tissues from WT and CsfIrko rats on this genetic background at weaning. In
most tissues there was complete loss of CsfIr-mApple expressing cells aside from occasional
monocyte-like cells and granulocytes in the vessels. This includes the abundant resident mac-
rophage populations in smooth and skeletal muscle, kidney, pancreas, adipose, salivary and
adrenal glands that were not recognised or analysed previously in mice. The pancreas contains
numerous small lymph nodes that contain abundant CsfIr-mApple-positive cells. Whereas
peri-acinar and islet macrophage populations were entirely lost in the CsfIrko, the lymph
node-associated populations were partly retained and highlighted in whole mounts (Fig 6D).
Partial reductions in resident populations were observed in intestinal mucosa, liver and lung
(Fig 6C, 6H and 6]) Note that the resident CsfIr-mApple expressing cells in non-lymphoid tis-
sues that are missing in the CsflIrko would include populations classified as dendritic cells,
which are also CSF1R-dependent in mice [34].

Rescue of the CsfIrko phenotype by WT bone marrow cells and the role of
IGF1

To determine whether the major developmental abnormalities in the Csflrko rat were autono-
mous to hematopoietic lineage cells and reversible we treated a cohort of 3 wk-old DA Csflrko
rats with WT congenic BM cells by IP injection without ablation of recipient BM. By 2-3 wks
post BM transfer (BMT) the body weight gain of recipients diverged from Csflrko controls
and continued to increase thereafter (Fig 7A). The recipients did not fully recover the deficit
in growth. At necropsy up to 6 months post BMT, the body weights were around 10% lower
than WT littermates (Fig 7A) but visceral adipose was fully restored in both sexes and major
organ histology was indistinguishable from controls.

The appearance of the animals changed rapidly, notably the skull and limb/foot morphol-
ogy, so that by 6 wks post-transfer they resembled WT animals (Fig 7F-7H). The steatosis
observed in untreated CsfIrko rats remained 4 wks post BMT but resolved by 9 wks (Fig 71).
Many BMT recipients developed teeth which required regular trimming. Both males and
females became sexually mature and fertile and produced multiple litters. The females were
able to suckle their offspring indicating that the failure of mammary development was revers-
ible as confirmed in S3 Fig.

The Csf1"" rat has been reported to have a deficiency in circulating IGF1 [35] and the tran-
scriptomic analysis of the liver indicated dysregulation of the GHR/IGF1/IGFBP system.
Accordingly, we measured IGF1 and GH in the circulation of the CsfIrko rats. In the WT DA
rats, there was a postweaning surge in IGF1 followed by a gradual decline (Fig 7B) whereas
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Fig 6. The effect of the Csflrko on distribution of macrophages detected using a Csflr-mApple reporter gene. Tissues were extracted from 3
week old rats generated by crossing heterozygous inbred DA CsfIrko rats with outbred (SD) CsfIr-mApple reporter rats and then inter-breeding
selected progeny to generate WT and mutant rats also expressing the mApple reporter. Images are maximum intensity projection of z-stack series
of whole-mounted (A) colon muscularis (smooth muscle), (B) skeletal muscle, (C) colonic mucosa, (D) pancreas, (E) perigonadal white adipose
tissue, (F) salivary glands, (G) adrenal glands, (H) liver, (I) kidney cortex and (J) lung. Scale bars = 200um.

https://doi.org/10.1371/journal.pgen.1009605.9006

IGF1 was barely detectable in the serum of Csflrko DA rats at any age. By contrast, the circu-
lating concentration of GH was unaffected (Fig 7C). The DA rat is relatively small and slow-
growing compared to outbred lines such as Sprague-Dawley (SD). To test the impact of genetic
background, we crossed the mutation back out to SD for two generations. Despite the more
rapid postnatal growth of SD and 2-3 fold higher adult body weight compared to DA (S4A
Fig) both the time course and magnitude of circulating IGF1 was very similar between the WT
inbred and outbred lines (Fig 4B). Unlike the almost complete loss of IGF1 seen in the DA
CsfIrko line, the surge of circulating IGF1 in the postnatal period was readily detected, albeit
reduced and delayed, in the SD Csflrko rats (S4B Fig). Nevertheless, the SD CsfIrko rats
showed the same growth arrest around 7 weeks of age as the DA albeit at peak body weight of
80-100g rather than 50-70g (S4A Fig). In the DA Csflrko rats that received WT BM, IGF1 was
only partly restored. It was first detectable by 4 wks post transfer (week 7) and peaked at 6 wks
post BMT (week 9) (Fig 7B). However, the divergence of body weight gain in the BMT recipi-
ents compared to untreated Csflrko rats was evident within 2 weeks before IGF1 was detect-
able and peak levels did not recapitulate the postnatal surge.

Recovery of tissue macrophage populations

The Csflr-mApple transgene is not currently available on an inbred background to enable
analysis of tissue macrophage recovery following BMT. For this purpose, as in the embryo (Fig
1), we used IBA1 as a marker. Although most commonly used as a microglial marker, IBA1 is
widely expressed by tissue macrophages in mice [36]. Immunohistochemical localisation of
IBA1 in selected organs from the inbred Csflrko and litter mate control rats at 3 and 7 wks is
shown in Figs 8 and 9. In most WT tissues, IBA1 immunoreactivity was restricted to abundant
interstitial stellate cells resembling macrophages. The morphology, abundance and location of
IBA1" populations was comparable to the CsfIr-mApple transgene (Fig 6) and much more
extensive than seen with anti-CD68 (ED1) [13]. The Csflrko led to substantial or complete loss
of macrophage-like IBA1" cells in all organs examined and there was no evidence of recovery
with age.

The majority of IBA1" tissue macrophage populations were restored by BMT. Resident
peritoneal macrophages which were absent in the Csflrko were restored to the level of WT
controls. Fig 10A shows IBA1 staining of multiple organs of adult (22 wks) rats that had
received WT bone marrow at weaning indicating the restoration of tissue IBA1" cell popula-
tions to levels similar to littermate controls. Note in particular that the visceral adipose, which
was restored following BMT, was populated with IBA1" macrophages. BMT prevented prema-
ture thymic involution and the thymus of BMT recipients contained abundant IBA1™ cells.
IBALI is also expressed during sperm maturation, and IBA staining highlights the loss of
mature sperm in testis (Fig 9) and their restoration following BMT (Fig 10). The repopulation
of the liver with macrophages of donor origin was confirmed by analysis of the restoration of
the expression of Csflr (Fig 7D) and Adgrel mRNA (Fig 7E). The brains of CsfIrko rats lack
microglia and brain-associated macrophages detected with anti-IBA1, alongside the loss of
Aifl mRNA encoding this marker and many other microglia-associated transcripts [13,18].
Fig 10B compares IBA1 staining in the cortex of adult WT, Csflrko and BMT rats at 16 weeks
post-BMT. The images are representative of all brain regions in all recipients examined. The
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cells by intraperitoneal injection at 3 wks of age. (A) Time course of body weight gain in female WT (n > 3) Csflrko rats with WT bone marrow transfer
(BMT) and Csflrko from 3 wks of age to harvest. Note that the Csflrko control rats in this cohort were euthanised at 11-12 wks for welfare reasons. (B)
Serum IGF-1 levels and (C) serum growth hormone (GH) levels in a mixed cohort of male and female WT, Csflrko following bone marrow transfer (BMT)
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at 3 wks and CsfIrko rats, at the ages indicated. (D, E) qRT-PCR analysis of liver (D) Csflr and (E) Adgrel expression in 3-, 7- and 12-wk old WT, CsfIrko
(BMT) and Csflrko rats. n > 3 per genotype, graphs show the mean + SD. (F-H) Representative 3D reconstructed micro-CT images of WT, CsfIrko and
Csflrko (BMT) rat (F) hind limbs, (G) hind paws and (H) skulls comparing medulla cavity (arrows), ossification of phalanges (white arrowheads) and
closure of cranial sutures (black arrowheads). (I) representative images of H&E staining in the liver at 7 and 12 wks of age of CsfIrko (BMT) rats after WT
bone marrow transfer.

https://doi.org/10.1371/journal.pgen.1009605.9007

IBA1" cells in the BMT recipients adopted the same regular spacing and similar density to
IBA1" microglia detected in age-matched litter-mates. However, the cell morphology of the
BMT-derived cells throughout the brain was quite distinct, more stellate and less ramified
than typical microglia. The ventricular enlargement observed in juvenile CsfIrko rats was not
reversed by BMT, but also had not progressed. The mechanisms underlying hydrocephalus in
both mouse and rat Csflrko and bi-allelic human CSFIR mutations are unknown [6] but likely
unrelated to microglial deficiency [37]. Otherwise, we could detect no difference between
BMT recipient and WT littermate brains.

The concentration of CSF1 in the circulation of WT animals is relatively low due to recep-
tor-mediated clearance mainly by the macrophages of the liver and spleen [38]. Accordingly,
increased circulating CSF1 was detected in the serum of adult CsfIrko rats by Western blot
[13]. We reasoned that injected BM cells likely responded to the elevated CSF1 and successful
restoration of CSF1R-expressing tissue macrophage populations could be monitored by mea-
suring circulating CSF1 by ELISA. Indeed, CSF1 was massively elevated in juvenile CsfIrko
rats at weaning and declined rapidly following BMT (S5A Fig). Given the granulocyte accu-
mulation seen in the Csflrko we also assayed CSF3 (granulocyte colony-stimulating factor) in
the same samples, and there was no significant impact of the CsfIrko (S5B Fig).

In overview, CsfIrko rats are deficient in resident macrophages in most organs throughout
postnatal development and rescue by BMT is associated with restoration of these populations
to WT density.

The effect of the CsfIrko on blood and bone marrow mononuclear
phagocyte populations

Csflrko mice were reported to have enlarged spleens and evidence of extramedullary hemato-
poiesis [39]. This is not the case in Csflrko rats. Given the apparent lack of macrophages within
hematopoietic islands in the fetal liver (Fig 1) we were especially interested in resident BM
macrophages, which are believed to be an essential component of the hematopoietic niche
[40]. As previously reported in outbred animals [13], the inbred CsfIrko rats were entirely defi-
cient in osteoclasts expressing tartrate-resistant acid phosphatase (TRAP) (not shown). How-
ever, IBA1" positive island macrophages were detectable in the residual BM cavity of CsfIrko
rats at 7 weeks with similar stellate morphology to WT (Fig 11A).

Like adult outbred Csflrko rats [13], juvenile (3 wks) and adult (9 wks) inbred CsfIrko rats
exhibited a 3-5 fold increase in circulating granulocytes (Fig 11B and 11C). The Csfirko on
the outbred background was reported to be around 70% monocyte-deficient [13]. Monocyte
sub-populations were not analysed. In the rat, monocyte sub-populations are distinguished by
reciprocal expression of the markers CD43 and HIS48, with HIS48™ and CD43"™ monocytes
corresponding to so-called classical and non-classical monocytes, respectively [33]. Consistent
with the role of CSF1R signals in their differentiation, the CD43" monocytes were selectively
lost in juvenile and adult CsflIrko rats. However, there was no corresponding increase in the
classical HIS48™ monocytes (Fig 11D). In keeping with previous analysis, there was also a
small but significant reduction in circulating B cells whereas T cells were unaffected (Fig 11E).

Because of the osteopetrosis, BM cells could only be obtained from CsfIrko by crushing the
femurs. There was a ~2-fold reduction in CD45" leukocytes (as a proportion of live cells)
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Fig 8. Immunolocalization of IBA1" cells in WT and Csflrko rat organs at 3 wks. IBA1 was detected in rat tissues by
immunohistochemistry as described in Materials and Methods. Brown stain (diaminobenzidine) is a positive signal; sections
were counterstained with haematoxylin (blue). (A-D) Representative images of immunohistochemical localisation of IBA1
in (A) kidney, (B) testes and seminal vesicles, (C) ileum including Peyer’s patches and (D) liver and lung of WT and Csflrko
rats. M cells in the follicle-associated epithelium are indicated by red arrows. Black arrowheads highlight IBA1" cells in the
base of the crypts in (C). (E-H) Quantitative analysis of IBA1+ cells in (E) liver, (F) kidney, (G) lung and (H) ileum (lamina
propria). n > 6 per genotype, graphs show the mean + SD, genotype comparisons were analysed by Mann Whitney test.

https://doi.org/10.1371/journal.pgen.1009605.9008
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Fig 9. Immunolocalization of IBA1" cells in WT and Csflrko rat organs at 7 wks. IBA1 was detected in rat tissues by
immunohistochemistry as described in Materials and Methods. Brown stain (diaminobenzidine) is a positive signal;
sections were counterstained with haematoxylin (blue). Representative images show localisation of IBA1 in (A) kidney,
(B) testes and seminal vesicles, (C) small intestine including Peyer’s patches, (D) lung and heart, (E) liver and spleen, (F)
Tail skin and (G) pancreas of WT and CsfIrko rats. M cells in small intestine are indicated by red arrows in (C). Black
arrowheads highlight IBA1" cells in the base of the crypts in (C).

https://doi.org/10.1371/journal.pgen.1009605.g009
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Fig 10. Immunolocalization of IBA1+ cells in Csflrko rat organs after BMT. IBA1 was detected in rat tissues by
immunohistochemistry as described in Materials and Methods. Brown stain (diaminobenzidine) is a positive signal; sections were
counterstained with haematoxylin (blue). Inbred CsfIrko rats received WT bone marrow cells by intraperitoneal injection at 3 wks of age
and were sacrificed at 22 weeks. (A) Representative images show immunohistochemical localisation of IBA1 in kidney, skin, liver, testes,
colon, thymus, small intestine, Peyer’s patches, perigonadal fat pad, heart, lung, and pancreas. Note that BMT restores perigonadal
visceral fat pads which are populated with interstitial IBA1+ cells (arrows). Image of pancreas contains exocrine (acinar) and endocrine
(islet) regions. Note that only the exocrine region was partially repopulated with IBA1" cells (arrows). (B) Confocal images of cortical
microglia from 22-week-old male WT rat (left), Csflrko rat of the same age which received BMT at 3 wks (middle) and 7-week-old
Csflrko rat (right), scale bar = 50 um. The distinct stellate morphology in the BMT recipient is representative of all brain regions
examined in 3 rats analysed.

https://doi.org/10.1371/journal.pgen.1009605.g010

recovered from Csflrko BM and a relative increase in granulocytes (Fig 11F and 11G). After
excluding granulocytes (HIS48™'/SSC™), three monocyte/macrophage populations could be
distinguished: two putative monocyte populations paralleling peripheral blood HIS48™" and
CD43™ monocyte profiles, and a CD172A™*/CD4™ BM resident macrophage population.
The classical (HIS48™) monocytes were more abundant in WT BM than non-classical
(CD43™) monocytes (the reverse of peripheral blood) and their relative abundance was unaf-
fected by the Csflrko. The HIS48™*/CD43'°/CD172A°/CD4™ resident BM macrophages (Fig
11H) as well as B cells (Fig 11I), were selectively depleted in Csflrko BM.

Surprisingly, the BMT did not restore the CD43™ blood monocyte population in the res-
cued CsfIrko rats whereas the granulocytosis and B cell deficiency in peripheral blood was
completely resolved (Fig 12A-12F). The BM cavity was patent and the populations of IBA1"
hematopoietic island macrophages and TRAP™ osteoclasts were indistinguishable from WT lit-
ter mates (Fig 12G). Accordingly, the yield of CD45" leukocytes from BM obtained by flushing
was similar to WT. The CD172"°/CD4"/HIS48 /CD43" resident macrophage population was
partially restored and granulocyte and B cell numbers were normalised as in the blood (Fig
12H-12J). In standard liquid cultures used routinely to generate BM-derived macrophages in
our laboratory [41] WT control BM cells produced a confluent macrophage culture (Fig 12K)
By contrast, cultures of cells harvested from CsfIrko BMT recipients contained only small
numbers of large adherent macrophages and there was no increase in cellularity with time.

Discussion
The role of CSF1R in postnatal growth

Our results demonstrate that CSF1R-dependent macrophages are essential for early postnatal
growth and organ development in the rat. The exclusive impact on postnatal growth distin-
guishes the CsfIrko from IgfI and Igf2 mutations which impact the growth of the embryo [42].
Interestingly, although CsfIr is highly-expressed in placenta, the lack of impact of the mutation
on embryonic growth also indicates that placental function is CSF1R-independent. It is likely
that any loss of macrophage-derived trophic factors in the embryo is mitigated to some extent
by placental and maternal-derived growth factors. Severe postnatal growth retardation is not
evident in human patients with bi-allelic CSFIR mutations [8,10,11,20]. This may be indirect
evidence that the mutant alleles in these individuals are hypomorphic, rather than complete
loss-of-function. The only definitive human homozygous CSFIR null mutation described thus
far was associated with severe osteopetrosis, brain developmental defects and infant mortality
[43].

The somatomedin hypothesis proposed that somatic growth is controlled by pituitary GH
acting on the liver to control the production of IGF1. Numerous analyses of conditional muta-
tions of Ghr, Igfl and Igflr in various tissues and cell types in mice paint a more complex pic-
ture [27,44,45]. Notably, conditional deletions of IgfI and IgfIr in chondrocyte and osteoblast
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Fig 11. Flow cytometric analysis of peripheral blood and bone marrow leukocytes. (A) Representative images showing staining for IBA1 expression (brown)
in naive 7-week-old WT and Csflrko rat tibiae. Original magnification: 40X. Scale bar: 50um. (B) Flow cytometry gating strategy to distinguish (i) CD172A

+ myeloid cells, (ii) HIS48"/SSC™" granulocytes among myeloid cells, (iii) HIS48 and CD43-expressing monocyte subsets among non-granulocyte myeloid cells
and (iv) CD45R" B cells among CD172A" lymphocytes. (C-E) Quantification of peripheral blood (C) granulocytes, (D) monocyte subsets and (E) B cells in WT
and Csflrko rats at 3 and 9 wks of age. (F) Bone marrow flow cytometry gating strategy to distinguish (i) HIS48*/SSC™ granulocytes, (ii) CD172* and CD172™"/
CD4™ monocytes/macrophages among non-granulocytes, (iii) monocyte/macrophage subsets and (iv) CD45R* B cells among CD172A/CD4" cells. (G-I)
Quantification of BM (G) granulocytes, (H) monocyte/macrophage subsets (colours correspond to populations indicated by arrows and boxes in the FACS
profiles) and (I) B cells. All genotype comparisons were analysed by Mann Whitney test.

https://doi.org/10.1371/journal.pgen.1009605.9011

lineage cells produce substantial reductions in overall somatic growth rates (reviewed in [46]).
Hence, as suggested by Chitu & Stanley [3], the defects in skeletal growth and maturation that
we showed were already evident in the Csflrko at birth (Fig 1) are likely one underlying cause
of reduced postnatal somatic growth rate.

By contrast, conditional deletion of IgfI in the mouse liver had a marginal effect on somatic
growth despite 70-90% loss of circulating IGF1 [44,45]. Like the GH-deficient dwarf rat [47]
and GHR-deficient mice [48] the Csflrko rats have greatly-reduced circulating IGF1. The loss
of IGF1 was also present, albeit less severe, on the outbred background. However, the Csflrko
rats are not GH-deficient, consistent with unchanged levels of GH mRNA in the pituitary
[13,18], and the phenotypes of GH and Csflrko mutations are quite distinct. Dwarf rats have a
slower overall growth rate but do not exhibit the early growth arrest and major organ pheno-
types and morbidity seen in the CsfIrko irrespective of genetic background. Indeed, GH/GHR
deficiency in rats and mice is associated with increased longevity [49]. Macrophages them-
selves produce an array of growth factors, including IGF1, that are implicated in development
and tissue repair [7,50]. Meta-analysis of mouse resident tissue macrophage gene expression
[34] revealed constitutive high expression of IgfI and Igfbp4 mRNA but macrophages are
clearly not the only extrahepatic source. Rat macrophages grown in CSF1 also express abun-
dant Igfl mRNA [41] and given their relative abundance, could be a significant source of IGF1
in tissues. However, conditional deletion of IgfI in myeloid cells in mice had no reported effect
on somatic growth [51]. Furthermore, depletion of microglia in the brain of the Csflrko rat
had no effect on Igfl mRNA [13,18]. It is notable that the phenotypes we have described in the
Csflrko rat are considerably more severe than those reported in Csf1"" rats, which are also
deficient in circulating IGF1 [35]. As described originally [52] and confirmed on an inbred
background [53], Csf1"" rats achieve body weights of 250-300g, are male fertile and have nor-
mal longevity. This suggests that in rats the alternative ligand, IL34, has significant non-redun-
dant roles in macrophage homeostasis and function in multiple organs during postnatal
development. Accordingly, we suggest that CSF1R-dependent macrophages act indirectly to
regulate circulating IGF1 mainly through their effects on hepatocyte proliferation and matura-
tion but this is not linked directly to the impacts on somatic growth.

The effect of the Csflrko on the liver

The set of hepatic genes correlated with CsfIr in network analysis (Fig 4A, S1C Table)
includes Cd68 and Aif1, encoding CD68 and IBA1 respectively, and confirms a rat Kupffer cell
(KC) signature [23] that includes marker genes enriched in this resident population in mice
(e.g. Cd5l, Clec4f, Timd4, Vsigd) [54,55] as well as highly-expressed genes involved in iron
metabolism/erythrophagocytosis (Cd163, Slc40al, Timd2). The liver has a unique ability to
regenerate following partial hepatectomy to return to a constant liver-body weight ratio, a so-
called hepatostat [21]. Administration of CSF1 to adult mice, rats or pigs [33,56-58] over-
comes this constraint, drives hepatocyte proliferation and accelerates regeneration following
partial hepatectomy.
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Fig 12. Analysis of the effect of BMT at 3 wks of age on peritoneal, peripheral blood and bone marrow leukocyte populations in Csflrko rats. (A)
Flow cytometry gating strategy to identify peritoneal granulocytes and macrophages. (B, C) Flow cytometric analysis of (B) peritoneal granulocytes and
(C) macrophages in CsflIrko rats 9 wks post BMT at 3 wks of age compared to age-matched WT controls. (D-F) Flow cytometric analysis of peripheral
blood (D) monocyte subsets, (E) granulocytes and (F) B cells in Csflrko rats 9 wks post BMT at 3 wks of age compared to age-matched WT controls. (G)
Representative images showing dual staining for IBA1 expression (brown) and TRAP activity (magenta) in the tibiae of CsfIrko rats at 6-weeks post-
BMT (right) and aged matched WT control (9 weeks) (left). Original magnification: 40X. Scale bar: 50pm. (H-J) Flow cytometric analysis of bone
marrow (BM) (G) monocyte/macrophage subsets, (H) granulocytes and (I) B cells in CsfIrko rats 9 wks post BMT at 3 wks of age compared to age-
matched WT controls. (K) BM from WT and CsfIrko rats shown in panels G-H was cultured for 7 days in 100 ng/ml CSF1 to generate bone marrow-
derived macrophages (BMM). Images shown are representative of cultures from 5 separate WT and BMT recipient CsfIrko animals (scale bar 50 uM).
All genotype comparisons were analysed by Mann Whitney test.

https://doi.org/10.1371/journal.pgen.1009605.g012

During the postnatal period in rat liver a phase of hyperplasia is followed by hypertrophy
and structural maturation to form mature hepatic sinusoids lined by a single layer of hepato-
cytes [24]. In addition to impacts of the CsfIrko on the IGF1 axis in the liver, transcriptional
profiling indicated a broader delay in this postnatal hepatocyte maturation exemplified by the
retention of fetal liver-expressed genes such as lipoprotein lipase (Lpl)[59], fetal liver hepcidin
(Hamp) [60] and the fetal amino acid transporter Slc38a2 [61]. Two other genes highly
enriched in the liver of CsfIrko rats were the cold shock-inducible gene Rbm3 and stress-
inducible Gadd45b. Expression of Rbm3 and Gadd45b and their potential impacts on liver
metabolism [62,63] could be a consequence and/or a cause of the reduced adiposity and
hepatic steatosis of the CsfIrko. Conversely, the relative loss of several highly expressed liver-
specific genes is likely to exert additional pleiotropic effects on other organs. Amongst proteins
encoded by the most CSF1R-dependent transcripts, SERPINAG6 (transcortin) is the major
binding protein for circulating glucocorticoids implicated in regulation of the response to GH
[64]. In mice, Serpina6 is highly-expressed in fetal liver, declines to almost undetectable level at
birth, and is then re-induced in parallel with Ghr and IgfI [26].

The liver of 7-day old rats contains abundant lipid droplets [28] but this usually resolves
rapidly. The coordinated reduction of numerous genes involved in lipid metabolism (Fig 4A) in
the liver in 3 wk old CsfIrko rats is the reciprocal of the increase observed following CSF1 treat-
ment of neonates [28] and likely contributes to both the progressive steatosis and the lack of vis-
ceral adipose in the animals. Both of these phenotypes were reversed by the transfer of WT BM
cells (Figs 7 and 10). The coordinated regulation of genes involved in lipid metabolism may be
related to the reduced expression of the transcriptional repressor Hes6 [65] in the Csflrko.

The precise mechanisms underlying reduced proliferation in the postnatal CsfIrko liver are
not evident from the transcriptome analysis, which did not reveal the loss of known growth
regulators or indirect evidence of deficient receptor signalling. Expression of potential candi-
dates is highlighted separately in S1E Table. It is also notable that the CsfIrko has no impact
on expression of markers of other non-parenchymal cells, endothelial cells (Pecam1, Cdh5) or
hepatic stellate cells (Pdgfrb). Postnatal growth of the liver involves B-catenin signalling linked
to E-cadherin and the receptor for hepatocyte growth factor (MET). Conditional deletion of
Ctnnbl in hepatocytes of mice led to a 15-25% decrease in LBW ratio at postnatal day 30 [66].
Conditional deletion of Yap1, a downstream component of the hippo kinase pathway, also led
to reduced hepatocyte proliferation and reduced LBW [25]. By contrast, the grossly-reduced
hepatocyte proliferation seen in the juvenile Csflrko rats is not liver-specific and does not lead
to reduced LBW ratio. The regulation of hepatocyte proliferation has been studied mainly in
the context of regeneration and involves a complex array of growth factors; both locally-
derived and present in the circulation (reviewed in [22]). As noted in the introduction, CSF1
treatment of newborn rats can promote the selective growth of the liver [28]. However, the
intrinsic hepatostat remains functional in the CsfIrko rat and the reduced hepatocyte prolifera-
tion may partly be a consequence of deficient somatic growth that is also CSF1R-dependent.
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The effect of Csflrko on skeletal development

Although there are similarities in some phenotypes, the osteosclerotic bone phenotype in the
Csflrko is quite distinct from osteopenia associated with GH or IGF1 deficiency [67]. The
novel phenotype we identified in the cranial case relates to the process of intramembranous
ossification. Intramembranous bones ossify directly from preosteogenic condensations of mul-
tipotent mesenchymal stem cells without a chondrocyte intermediate. Like endochondral ossi-
fication, this process is dependent upon angiogenesis (reviewed in [68]). The process of bone
formation in the cranial case is initiated by postnatal expansion of bone from the sutures
formed during embryonic development [69]. The ossification defect reported in Csflrko mice
was attributed to the lack of CSF1R-dependent osteoclasts [19]. However, osteoblast mainte-
nance and calcification requires input from osteomacs, a bone-associated macrophage popula-
tion distinct from osteoclasts [70]. These CSF1-responsive macrophages promote the
processes of both endochondral and intramembranous ossification during bone repair in vivo
[71,72]. Analysis of the Csﬂtl/ U rat revealed a defect in osteoblast attachment to bone surfaces
and the absence of prominent stress fibres [73]. Hence, the selective failure of intramembra-
nous ossification in the cranial case, and the increased calcification of the base of the skull,
may reflect distinct functions of osteomacs and osteoclasts, both dependent on CSFIR.

The Csflrko rat resembles the effect of bi-allelic human CSFIR mutation in the pronounced
under-modelling of the digits [8]. Detailed analysis of digital development in the mouse [74]
revealed morphologic and calcification patterns in the subarticular regions that were also dis-
tinct from archetypal physeal endochondral ossification. The defects we observe in the CsfIrko
rats resemble skeletal dysplasia caused by mutations in the gene encoding the macrophage-
enriched transcription factor MAFB [74] and more generally various forms of malignant
osteopetrosis (reviewed in [75]).

The role of CSF1R-dependent macrophages in development of other organ
systems

The combined analysis using the CsfIr-mApple reporter (Fig 6) and localization of IBA1 (Figs
8 and 9) highlights both the abundance of resident tissue mononuclear phagocytes in WT rats
and the almost complete depletion of these cells in the CsfIrko regardless of genetic back-
ground. The loss of monocytes in CsfIrko rats [13] was shown here to be selective for the
CD43"™ ‘non-classical’ monocyte population which is the major population in the rat [33].
Analysis of a hypomorphic CsfIr mutation [37] and the selective impact of anti-CSF1R anti-
body [76] indicates that CSF1R is not required for monocyte production, whereas tissue mac-
rophages require CSFIR signals for survival. The lack of accumulation of classical (His48™")
monocytes in the Csflrko despite the block to maturation could reflect more rapid transit of
these cells in the circulation. For example, the striking periportal concentration of the residual
IBA1" Kupffer cells in the liver and reduced numbers in the gut lamina propria could be asso-
ciated with continuous extravasation of monocytes and subsequent short half-life in the tissue.
In many different organ systems, depletion of resident tissue macrophages permits mono-
cyte extravasation to occupy the vacant territory or niche (reviewed in [1,2]). It is rather strik-
ing that the rescue of tissue macrophage populations following BMT (Fig 10) restores them to
almost precisely WT levels. Guilliams et al. [1] favor the idea that each macrophage occupies a
defined niche responding mainly to local CSF1. An alternative view is that the macrophages
are territorial and the regular distribution in every tissue (confirmed in Figs 8-10) is deter-
mined by mutual repulsion [2]. That view favors a role for systemic CSF1 stimulation which
may vary between tissues. In mice, tissue-specific postnatal macrophage defects associated
with the Csf1°?’°P mutation are mitigated by trans-placental transfer of maternal CSF1 [77]
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and were partly compensated by administration of CSF1 in the postnatal period [78]. Based
upon the rapid reduction in circulating CSF1 in the BMT recipients (S5A Fig) and the ability
of an exogenous CSF1-Fc fusion protein to expand macrophage populations in all tissues in
the neonatal and adult rat [28,33] we suggest that the entire adult mononuclear phagocyte sys-
tem is regulated in a coordinated manner by CSF1 availability. Following BMT, macrophage
repopulation occurs until balance is restored between CSF1 production and CSF1R-mediated
clearance/utilisation.

Analysis of the role of macrophages in postnatal development based upon Csflr and CsfI
mutations in mice has focussed on one organ at a time, emphasising local functions [3]. The
loss of circulating IGF1 is just one example of the systemic consequences of the Csflrko. We
clearly cannot separate direct local roles of macrophages in the regulation of proliferation and
differentiation in liver, brain, skeleton, muscle, lung, kidney, gut, thymus, adipose and gonads
from systemic consequences of developmental abnormalities in every other organ. For exam-
ple, although growth hormone (Gh) mRNA was not reduced in the pituitary of CsfIrko rats,
RNA-seq profiling revealed a significant reduction in cell-cycle associated transcripts and rela-
tive reductions in Fshb and Lh in males and prolactin (Prl) in both sexes [18].

Given the large numbers of macrophages in the developing embryo and their roles in clear-
ance of apoptotic cells [16] it is surprising that there is so little apparent impact of their almost
complete absence in the Csflrko on prenatal development. “Amateur” phagocytes can evi-
dently replace the phagocytic functions of macrophages in embryonic development. In keep-
ing with this view, although genes encoding lysosomal enzymes and endosome-associated
proteins are highly-expressed by microglia, the relative expression of these genes was unaf-
fected in brains of CsfIrko rats or microglia-deficient mice [13,37].

The nature of the progenitor cells that mediate phenotypic rescue

Bennett et al [14] reported that pre-weaning lethality could be prevented in around 50% of
inbred CsfIrko mice by neonatal transfer of WT BM cells. Their study focussed on reconstitu-
tion of microglia and did not examine the contribution of the donor cells to the hematopoietic
compartment. Importantly, they showed that rescue was independent of the monocyte chemo-
tactic receptor, CCR2. Like these authors, we were able to fully repopulate a myeloid popula-
tion in the brain following BMT in a Csflrko recipient (Fig 10B). The less-ramified stellate
morphology we observed was not reported directly in the mouse study, but is evident in the
published images [14]. Ongoing studies address the question of whether these BM-derived
“microglia” reconstitute expression of the microglial gene expression signature that is lost in
the CsfIrko brain [18].

In principle, neonatal transfer in the published study [14] could allow WT hematopoietic
stem cells (HSC) to populate the developing bone marrow. In the rat, we were actually able to
reverse and rescue the CsfIrko phenotype and resident tissue macrophage populations, includ-
ing those of the brain, with 100% success by transfer at weaning when the developmental
defects including severe osteopetrosis were already evident. The recipients were not treated to
deplete HSC and were not deficient in other blood cell lineages. The reversal of osteosclerosis
and expansion of the hematopoietic niche in the long bones likely requires the generation of
CSF1R-dependent osteoclasts and resident osteomacs [40,79] that were replenished in the
BMT recipients (Fig 12). Similarly, CSF1 treatment restored TRAP™ osteoclast populations
and active resorption in the bone of Csf1"" rats [80]. The granulocytosis and B cell deficits
observed in marrow and blood of the CsfIrko rats were reversed by BMT despite the lack of
contribution of donor cells to the BM compartment. We eliminated any increase in the key
growth factor, CSF3, as a mechanism underlying granulocytosis (S5 Fig). Neutrophils have a
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short half-life in the circulation [81]. In part, the granulocytosis in the CsfIrko rat probably
reflects the loss of Kupffer cells and selected splenic macrophages which clear senescent neu-
trophils via phosphatidylserine-mediated phagocytosis [82]. The CsfIr-mApple reporter trans-
gene is expressed by neutrophils, but in most tissues of the CsfIrko rat there was no evidence
of any residual positive myeloid cells (Fig 6) suggesting that the loss of macrophages also com-
promised neutrophil extravasation. Neutrophils migrate constitutively into healthy tissues and
their homeostasis depends upon the CXCR4/CXCL12 axis [81]. Interestingly, Cxcl12 mRNA
was highly-expressed by rat liver and down-regulated in the Csflrko (S1 Table).

The lack of CSF1 responsiveness in BM in the rescued CsfIrko rats (Fig 12K) is consistent
with the failure of the BMT to rescue circulating monocyte numbers and indicates that the
transplant does not contribute to the HSC and myeloid progenitor populations. This is not
surprising since the recipients received no conditioning and there is no evidence of hemato-
poietic insufficiency. The implication is that there is a committed progenitor in rat BM that
can directly provide long term engraftment of tissue mononuclear phagocyte populations
without a monocyte intermediate. The ability of hematopoietic stem and progenitor cells to
traffic through lymph and blood and to populate resident myeloid populations directly has
been reported in mice [83]. The key donor population may be related to the CSF1-responsive
clonogenic monocyte/macrophage progenitor described in mouse BM [84]. On the other
hand, a recent study indicated that descendants of the yolk sac erythro-myeloid progenitor
that can give rise to tissue macrophages and osteoclasts, may be present in the circulation [85].
Studies in the chick also revealed the existence of a BM progenitor that could produce long
term macrophage-restricted chimerism when injected into the embryo prior to the onset of
definitive hematopoiesis [4]. Further characterization of BM macrophage progenitor popula-
tions in the rat will depend on development of markers that are not currently available. The
current study demonstrates the potential utility of the CsfIr-mApple transgene, which is cur-
rently being backcrossed to the DA background.

The second key implication of the rescue of the Csflrko relates to the origins of resident
macrophages. There is an emerging view based upon lineage trace models in mice that most
tissue macrophages are seeded during embryonic development and thereafter maintained by
self-renewal [1,2]. Whether or not this model can be extended to other species, the long-lived
effectiveness of the rescue of Csflrko rats indicates that macrophage territories in every organ
can be occupied by cells of BM origin and maintained in the absence of CSF1R-expressing
monocytes.

In conclusion, we have shown that severe developmental abnormalities in inbred Csflrko
rats can be reversed by WT bone marrow. The phenotypic rescue achieved by BMT is consis-
tent with evidence that CSFIR expression is entirely restricted to MPS lineage cells (Reviewed
in [6,86]) and all impacts of Csflrko mutation are attributable to their absence.

Materials and methods
Generation of transgenic rats and animal maintenance

Ethics statement. Rats were bred and maintained in specific pathogen free facilities at
The University of Queensland (UQ) under protocols approved by the UQ Animal Ethics Unit
(Approval MRI-UQ/PACE/424/18, MRI-UQ/318/17).

To create a pure DA line the original outbred CsfIrko line was backcrossed to WT DA (Ani-
mal Resource Centre, Perth, Australia) for at least 7 generations. As CsfIrko rats do not
develop teeth, to ensure their survival and maximise their growth, we routinely separate them
from their littermates at 3 wks and commence a feeding regime including wet mashed
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standard chow and a veterinary powdered milk nutritional supplement (Di-Vetelact, Sydney,
Australia). The same approach is used in maintenance of Csf1%°? mice (e.g. [29]).

Bone marrow transfer. Bone marrow was obtained from the femurs and tibias of WT
rats by flushing with a 26G needle. 1x10” bone marrow cells in saline solution containing 2%
fetal bovine Serum (FBS) were transferred to 3 wk-old Csflrko recipients by intraperitoneal
injection. Recipients were maintained on the supplemented diet.

Flow cytometry. 100 pl peripheral blood was collected into ethylenediaminetetraacetic
acid (EDTA) tubes by cardiac puncture after CO, euthanasia. Red cells were lysed for 2 min in
ACK lysis buffer (150mM NH,CIl, 10mM KHCOs3, 0.1mM EDTA, pH7.4), the leukocytes were
centrifuged and washed twice in PBS and the pellet resuspended in flow cytometry (FC) buffer
(PBS/2% FBS) for staining. Cells were stained for 45 min on ice in FC buffer containing unla-
belled CD32 (BD Biosciences, Sydney, Australia) to block Fc receptor binding and HIS48-FitC,
CD11B/C-BV510, CD45R-PE (BD Biosciences), CD43-AF647, CD4-APC/Cy7 (Biolegend,
San Diego, CA, USA) and CD172A-AF405 (Novus, Noble Park North, Australia). Cells were
washed twice and resuspended in FC buffer containing 7AAD (LifeTechnologies, Musgrave,
Australia) for acquisition on a Cytoflex flow cytometer (Beckman Coulter Life Sciences, Syd-
ney, Australia). Single colour controls were used for compensation and fluorescence-minus-
one controls were used to confirm gating. Data were analysed using Flow]Jo 10 (Tree Star;
https://www.flowjo.com).

Micro-CT imaging and reconstruction. Bones for micro-CT were fixed in 4% parafor-
maldehyde (PFA) and scanned using Bruker’s Skyscan 1272 (Bruker, Belgium) by rotating
over 360° in 0.8 rotational steps. The X-ray settings were standardised to 70 kV and 142 pA
with an exposure time of 1450 ms and the X-ray filter used was a 0.5 mm aluminium. Projec-
tions were acquired with nominal resolutions of 21.5 and each resulting image contained 1144
x 1144 pixels. All X-ray projections were reconstructed using NRecon 1.7.3.1 software (Bruker)
to create cross-sectional images and viewed using CTvox 3.3.0 (Bruker).

Bone immunohistochemistry (IHC) and histological staining. Bone tissues were pro-
cessed as per previously [72]. Fixed bones were decalcified in 14% EDTA for 8-10 wks. IHC
was performed on deparaftinized and rehydrated 5 um sections that were blocked for endoge-
nous peroxidase activity using 3% hydrogen peroxide. Antigens were retrieved using 0.1%
trypsin (Sigma-Aldrich, MO, USA) and non-specific staining was blocked using 10% fetal
bovine serum/neonatal goat serum for 1 hr prior 90 min incubation with either biotinylated
anti-laminin antibody (Novus Biologicals, Colorado, USA) or unconjugated primary antibody
against IBA1 (FUJIFILM Wako Chemicals, VA, USA). For IBA1 staining sections were subse-
quently incubated with a biotinylated F(ab’)2-Goat anti-Rabbit IgG (Vector Labs, CA, USA).
All sections were then incubated with horseradish peroxidase (HRP)-conjugated streptavidin
(Dako Agilent Pathology Solutions, DK). Diaminobenzidine was developed as per the manu-
facturer’s instructions (Vector Labs) and all sections were counterstained with Mayer’s hema-
toxylin (Sigma-Aldrich).

Tartrate-resistant acid phosphatase (TRAP) activity was detected as previously described
[87]. For dual IBA1 and TRAP staining, IBA1 staining was performed before TRAP detection.
Whole-mount Alcian Blue-Alizarin Red staining of newborn rats was performed as previously
described [88]. Staining was imaged using VS120 slide scanner (Olympus, Tokyo, Japan) or
SZX10 stereo microscope with DP26 digital camera (Olympus). Laminin-stained sections
from 3-week-old rat limbs were used to examine the muscle fiber diameter of the posterior
tibialis. The average diameter of 30 muscle fibers was analyzed using Visiopharm software
(Visiopharm, Hersholm, Denmark).

Brain immunohistochemistry. Rat brains were harvested and fixed in 4% paraformalde-
hyde for 48 h and then transferred into PBS containing 0.01% azide. Brains were sectioned in
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the sagittal plane using a vibratome (Leica VT 12008, Leica Biosystems, Mt Waverley, Austra-
lia). Free-floating sections were first incubated at room temperature for 30 min in permeabili-
zation buffer [1% Triton and 0.1% Tween20 in PBS] followed by 30 min in blocking solution
[4% FCS,0.3% Triton and 0.05% Tween20 in PBS]. Sections were then incubated for 24 h at
room temperature under orbital agitation in either rabbit anti- NeuN (Millipore ab10807945,
Melbourne, Australia, Lot# ABN78, 1:500) or rabbit anti IBA-1 (Wako AB_2314666, USA,
Cat# 01-1874, 1:500) diluted in blocking solution. After 3 x 10 min washes in blocking solu-
tion, slices were incubated in goat anti-rabbit-Alexa 488 (Thermofisher Scientific, Brisbane,
Australia, 1:1000) diluted in blocking solution for 4 h at room temperature. Slices were then
washed in PBS (3 x 10 min) followed by a 5 min incubation with DAPI (Thermofisher Scien-
tific, 1: 5000) diluted in PBS. All sections were washed once with PBS for 5 min and mounted
with Fluorescence Mounting Medium (Dako, Agilent, Santa Clara, California, USA). Images
were acquired on a fluorescent slide scanner (Zeiss Axioscan, Zeiss, Sydney, Australia) with
either a 10X or 40X objective (1024 x 1024).

Immunohistochemistry of other tissues. Tissues were harvested and fixed in 4% parafor-
maldehyde for 24 h and then processed for paraffin-embedded histology using routine meth-
ods. Sections were deparaffinised and rehydrated in descending ethanol series. For H&E, 4 pum
sections were stained with eosin and hematoxylin (Sigma-Aldrich) for 30 second and 1 minute
respectively. For elastin staining, 4 pm sections were stained with Elastin solution, Weigert’s
iron hematoxylin solution and Picrofuchsin solution for 10, 5 and 2 minutes respectively (Elas-
tin van Gieson staining kit, Merck, Melbourne, Australia). For Ki67 and IBA1 staining, epitope
retrieval was performed by heat induction in Diva Decloaker (DV2004MX, Lot:011519, Bio-
care Medical, California, USA). Sections were stained with rabbit anti-Ki67 (Abcam ab16667,
Cambridge, UK, Lot# GR331319528, 1:100) or rabbit anti-IBA1 (FUJIFILM, Wako Chemicals,
Richmond, Virginia, USA, 019-19741, Lot# CAK1997, 1:1000). Secondary detection was with
DAKO Envision anti-rabbit HRP detection reagents (Agilent). Sections were then dehydrated
in ascending ethanol series, clarified with xylene and mounted with DPX mountant (Sigma-
Aldrich). Whole-slide digital imaging was performed on the VS120 Olympus slide scanner.
DAB-positive areas were quantified using Image] (https://imagej.net/) in six different fields
per sample. For lung, DAB-positive areas were normalised to total number of cells per field.

RNA purification and qRT-PCR analysis. RNA was extracted using TRI Reagent
(Sigma-Aldrich), according to manufacturer’s instructions. For each extraction ~100 mg of tis-
sue was processed using 1 ml reagent. Genomic DNA contamination of RNA preparations
was eliminated by digestion with DNase I amplification grade (Thermofisher Scientific). RNA
quantity was measured using a Nanodrop and RNA integrity estimated on an Agilent 2200
Tapestation System (Agilent). The RNA Integrity Number (RINe) was calculated for each sam-
ple and all samples used for sequencing had a RINe of > 7.0.

Expression levels for selected genes were quantified using real-time PCR. cDNA was syn-
thesized from 1 ug total RNA using cDNA synthesis kit (Bioline, Sydney, Australia) and
RT-PCR was performed using the SYBR Select Master Mix (Thermofisher Scientific) on an
Applied Biosystems QuantStudio real-time PCR system (Thermofisher Scientific). Gene
expression relative to Hprt was calculated using the ACt method. Primer sequences: Hprt F:
CTCAGTCCCAGCGTCGTGA, R: AACACCTTTTCCAAATCTTCAGCA; Adgrel F:
GGGGCTATGGAATGCATAATCGC, R: AAGGAGGGCAGAGTTGATCGTG; CsfIr F:
GACTGGAGAGGAGAGAGCAGGAC, R: CTGCCACCACCACTGTCACT.

Library preparation and sequencing. RNA-seq libraries were prepared by IMB Sequenc-
ing Facility, University of Queensland, Australia, with the TruSeq Stranded mRNA Library
protocol (Illumina, San Diego, California, USA). Sequencing of 12 liver samples (with 84 unre-
lated samples) was performed using a single NovaSeq S1 200 cycle sequencing run on a
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NovaSeq 6000 machine (Illumina) through IMB Sequencing Facility. Sequencing depth was
between 9 million and 35 million paired end reads per sample. The raw sequencing data, in
the form of.fastq files, are deposited in the European Nucleotide Archive under study accession
number PRJEB39130.

Read pre-processing. Reads were pre-processed using fastp v0.20.0 [89] with parameters
—length_required 50—average_qual 10—low_complexity_filter—correction—cut_right—
cut_taijl—cut_tail window_size 1—cut_tail mean_quality 20. These parameters: (1) trim all
bases from the 3’ end that have quality < 20; (2) cut reads should the mean quality within a
4bp window, advanced 5’ to 3’, fall below 20; (3) require that 30% or more of the bases in each
read are followed by a different base (an indicator of read complexity); (4) require a mean base
quality across the entire read of > 10. By default, fastp also trims auto-detected adapters, dis-
cards reads with > 5 N (undetermined) bases, and requires that > 40% of the bases in each
read have Phred score >15. Mismatched base pairs were corrected in regions of paired end
reads that overlapped each other, should one base have a quality score higher than the other.
This required a minimum overlap of 30bp, a difference in base qualities of 5, and no more
than 20% of the bases in the overlapping region needing correction. Finally, we required a
minimum read length of 50bp. Pre-processing discarded on average 8.5% of the bases per sam-
ple (S1 Table).

Expression quantification and differential gene expression analysis. For each set of
cleaned reads, expression level was quantified as transcripts per million (TPM) using Kallisto
v0.44.0 [90] with 100 bootstrap replicates. Kallisto quantifies expression by reference to an
index of transcripts, which was constructed using the combined set of unique protein-coding
transcripts from the Ensembl (ftp://ftp.ensembl.org/pub/release-98/fasta/rattus_norvegicus/
cdna/Rattus_norvegicus.Rnor_6.0.cdna.all.fa.gz) and NCBI RefSeq (ftp://ftp.ncbi.nlm.nih.gov/
genomes/all/GCF/000/001/895/GCF_000001895.5_Rnor_6.0/GCF_000001895.5_Rnor_6.0_
rna.fna.gz) versions of the Rnor_6.0 annotation, as previously described [41] (n = 25,870 pro-
tein-coding genes in total, of which 22,238 had Ensembl IDs).

Differential expression of genes comparing WT and CsfIrko was performed using Degust
(https://degust.erc.monash.edu/). The FDR cut-off was 0.05, the method was Voom/Limma
and only samples with a minimum read count of 1 TPM in at least one replicate were
included.

Network analysis of gene expression. Network cluster analysis of gene expression in the
livers of Csflrko and WT rats was performed using BioLayout (http://biolayout.org). The
expression levels determined by Kallisto were filtered to remove any gene where no sample
reached 1 TPM. Similarities between expression profiles of individual samples (sample to sam-
ple analysis) or genes (gene to gene analysis) were determined by calculating a Pearson correla-
tion matrix. For the sample to sample analysis, relationships where r > 0.93 (the highest r
which included all 12 samples) were included. For the gene to gene analysis, the results were
filtered to remove all relationships where r < 0.95. A network graph was constructed by con-
necting the remaining nodes (samples or genes) with edges (where the correlation coefficient
between two samples or genes exceeded the threshold value). Samples or genes with similar
expression patterns were located close to each other in the network. The gene to gene network
graph was interpreted using the Markov Cluster Algorithm (MCL) at an inflation value (which
determines cluster granularity) of 1.7. Genes with similar expression patterns were allocated to
the same cluster, forming cliques of interconnected nodes. All results were verified using
Spearman (non-parametric) correlation coefficient.

IGF1, GH, CSF1 and CSF3 Immunoassay. Serum IGF1 was measured using Mouse/Rat
DuoSet ELISA kit (R&D Systems, Minneapolis, Minnesota, USA) according to manufacturer’s
instructions. GH was measured in rat serum as described previously [91]. Briefly, an ELISA
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plate was coated overnight at 4°C with capture antibody (National Institute of Diabetes and
Digestive and Kidney Diseases (NIDDK)-anti-rat GH (rGH)-IC-1 (monkey), AFP411S,
NIDDK-National Hormone and Pituitary Program (NHPP, Torrance, California, USA)) ata
final dilution of 1:40,000. Non-specific binding was blocked using 5% skim milk in 0.05% PBS
with Tween-20 for 2 hours. The bound protein was detected using rabbit anti-GH antibody at
a final dilution of 1:40,000 (AFP5672099, NIDDK-NHPP) followed by horseradish peroxi-
dase-conjugated antibody (anti-rabbit, IgG; GE Healthcare, Chicago, Illinois, USA) at a final
dilution of 1:2000. The concentration of growth hormone was calculated by regression of the
standard curve generated using a 2-fold serial dilution of mouse GH (mGH) (AFP-10783B,
NIDDK-NHPP) in PBS-T supplemented with 0.2% BSA. Serum CSF1 and CSF3 were analysed
using Rat CSF1 SimpleStep ELISA kit (Abcam, Australia, Cat# ab253214) and Rat Granulocyte
Colony Stimulating Factor (G-CSF/CSF3) ELISA Kit (MyBioSource, San Diego, CA, USA,
Cat# MBS265555) respectively according to manufacturer’s instructions.

Glucose and Insulin measurements. Blood glucose and serum insulin were measured in
non-fasted animals and in accordance with the manufacturer’s instructions. Blood glucose was
measured using a Sensocard glucometer and glucose strips (Point of Care Diagnostics, Sydney,
Australia). Insulin levels were measured using a mouse and rat insulin ELISA (Mercodia, Upp-
sala, Sweden).

Quantitative measures of digestive tract. Villi and crypt length and villi width in the
small intestines of a mix of male and female CsfIrko (n = 6) or WT (n = 9) rats on the DA back-
ground were measured as previously described [92]. 100-200 villi and crypts were analysed
per rat ileal section and averaged for analysis. For quality control, only villi and crypts where a
continuous epithelium from the base of the crypts to the tip of the villi could be measured
were included in the analysis. For width analysis, total IBA™ immunolabelling was also ana-
lysed in villus lamina propria (VLP), and the subepithelial dome (SED) and follicular-associ-
ated epithelium (FAE) of Peyer’s patches (PP; 1-4 PP/rat). For submucosa and muscularis
analysis, thickness for each was measured at 25 random spots on each rat ileal section.

TUNEL staining. TUNEL staining was performed using TACS 2 TdT DAB (diaminoben-
zidine) Kit (Trevigen, Gaithersburg, Maryland, USA) according to manufacturer instruction.

Mammary gland wholemount. Mammary gland wholemounts were prepared using
CUBIC-based tissue clearing and methyl green staining, as previously described [93]. Glands
were imaged using an Olympus SZX10 stereo microscope. Exposure time was consistent
between rat samples and brightness and contrast adjustment uniformly applied. Ductal and fat
pad length were measured from 4 mammary glands.

Mammary tissue immunohistochemistry. Immunostaining on formalin-fixed paraffin
embedded rat mammary tissue was performed as previously described [94]. The following pri-
mary antibodies were used in this study: chicken anti-KRT5 (Biolegend, San Diego, California,
USA; 905903, Lot# B279859, 1:1000), mouse anti-E-cadherin (BD Biosciences; 610182, Lot#
7292525, 1:400) and rabbit IBA1 (FUJIFILM Wako Chemicals; 019-19741, Lot# CAK1997,
1:1000). The following secondary antibodies (Thermofisher Scientific) were used in this study
(1:500): goat anti-chicken AF488 (A11039), goat anti-mouse AF555 (A32727) and goat anti-
rabbit AF647 (A21245). Nuclei were stained with DAPI dilactate (625 ng/ml) for 10 min. Tis-
sue was imaged using an Olympus BX63F upright epifluorescence microscope. Brightness and
contrast was optimally adjusted for lineage markers and DAPI. Exposure, brightness and con-
trast were kept consistent between tissue sections for IBA1.

Statistics. Statistical tests were performed using GraphPad Prism 7.03. Comparisons
between WT and Csflrko were performed using the unpaired Student’s t-test or Mann-Whit-
ney test as indicated in figure legends.
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Supporting information

S1 Fig. Liver, brain and body weight and brain morphology in CsfIrko and WT rats. (A)
Liver/body and (B) brain/body weight ratio in 3 wk-old male and female WT and CsfIrko rats.
(C) Time course of body weight gain of male and female WT and CsfIrko rats. (D) Representa-
tive images of WT (top panel) and Csflrko (bottom panel) whole rat brain cut in the midsagit-
tal plane. (E) Olfactory bulb, ventricular and cerebellar development of WT (top panel) and
Csflrko (bottom panel). (F) NeuN staining of sagittal slices from WT (top panel) and Csflrko
(bottom panel) brains including the cerebellum indicating neuronal distribution.

(TIFF)

S2 Fig. Histological analysis of CsfIrko and WT kidney, lung and intestine. (A, B) Represen-
tative images of H&E staining in the kidney of (A) WT and (B) Csflrko rats. Inner medulla
(IM), outer stripe of the outer medulla (OSOM) and inner stripe of the outer medulla (ISOM)
are enlarged. (C-F) Quantitative morphometry of villus architecture of WT and CsfIrko rats
performed at 3 wks of age as described in Materials and Methods. (G) Representative images
of elastin staining in the lung of WT and Csflrko rats. (H) quantitative analysis of elastin
stained area (% of area) of the lung of WT and Csfirko rats. (I) Flow cytometry gating strategy
to identify granulocytes in disaggregated lung. (J) Quantitation of granulocytes in 9 wk-old
WT and Csflrko rat lungs. p value based upon Mann Whitney test.

(TIFF)

$3 Fig. Comparison of mammary gland development in WT and Csflrko rats. (A) Repre-
sentative mammary gland wholemounts from 9.5-week-old WT and Csflrko rats. (B) Ductal
growth relative to growth of the mammary fat pad. * P < 0.05, Student’s t-test. (C) Photo-
graphs of rat mammary tissue in situ from WT and Csflrko rats immediately post-euthanasia
(black arrows). (D) IBA1 immunostaining of rat mammary tissue. E-cadherin (e-Cad) stains
cells of the luminal lineage and cytokeratin 5 (Krt5) stains the basal lineage. Nuclei are stained
with DAPL White arrowheads point to intraepithelial IBA1™ macrophages; white arrows point
to IBA1" stromal macrophages; asterisks show regions in CsfIrko tissue with poor basal cell
development. Representative of n = 3 rats from each group.

(TIFF)

S4 Fig. (A) Time course of postnatal body weight gain of outbred Sprague-Dawley (SD) male
and female WT and CsfIrko rats. (B) Time course of serum IGF1 levels in a mixed cohort of
male and female WT, Csflrko SD rats. Serum was obtained at the ages indicated and IGF1 was
measured by ELISA.

(TIF)

S5 Fig. (A) Serum level of macrophage colony stimulating factor (CSF1) and (B) granulocyte
colony stimulating factor (CSF3) in a mixed cohort of male and female WT, CsfIrko rats fol-
lowing BMT at 3 wks and CsfIrko rats at the ages indicated.

(TIF)

S1 Table. Comparative analysis of gene expression in the liver of WT and CsfIrko rats. A.
Primary output of Kallisto quantitation of gene expression for livers from 3 male and 3 female
WT and CsfIro rats at 3 wks. List is ranked based upon ratio of expression KO/WT. B. Analysis
of differentially expressed genes (DEG) distinguishing WT and CsfIrko livers. C. Co-expressed
gene clusters generated from BioLayout analysis. D. GO term enrichment for genes within the
larger clusters of co-expressed genes. E. Expression profiles of growth-associated transcripts
and cell-type specific markers in WT and Csflrko livers.

(XLSX)
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