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SUMMARY
Maternal obesity adversely impacts the in utero metabolic environment, but its effect on fetal hematopoiesis remains incompletely un-

derstood. During late development, the fetal bonemarrow (FBM) becomes themajor site wheremacrophages and B lymphocytes are pro-

duced via differentiation of hematopoietic stem and progenitor cells (HSPCs). Here, we analyzed the transcriptional landscape of FBM

HSPCs at single-cell resolution in fetal macaques exposed to a maternal high-fat Western-style diet (WSD) or a low-fat control diet.

We demonstrate that maternal WSD induces a proinflammatory response in FBM HSPCs and fetal macrophages. In addition, maternal

WSD consumption suppresses the expression of B cell development genes and decreases the frequency of FBM B cells. Finally, maternal

WSD leads to poor engraftment of fetal HSPCs in nonlethally irradiated immunodeficient NOD/SCID/IL2rg�/� mice. Collectively, these

data demonstrate for the first time that maternal WSD impairs fetal HSPC differentiation and function in a translationally relevant

nonhuman primate model.
INTRODUCTION

Pre-pregnancy obesity is associated with increased risk of

infection (Rastogi et al., 2015; Suk et al., 2016) and aberrant

inflammatory responses (Kamimae-Lanning et al., 2015;

Odaka et al., 2010) in the offspring. However, there is a

paucity of studies that examine the impacts of maternal

obesity on fetal hematopoiesis inmodels that resemble hu-

man development. Hematopoiesis occurs in several waves

that involve the migration of hematopoietic stem and pro-

genitor cells (HSPCs) between different hematopoietic sites

(Gao et al., 2018). Following the emergence of HSPCs in the

aorta-gonad-mesonephros during the first trimester, the

fetal liver (FL) becomes the main hematopoietic niche for

HSPC expansion (Bowie et al., 2007; Morrison et al.,

1995). During the second and third trimesters, HSPCs

migrate from the FL to the fetal bonemarrow (FBM) (Chris-

tensen et al., 2004; Coskun et al., 2014), where monocyte-

derived macrophages and B lymphocytes are produced
Stem Cell Reports j
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throughout life (Gomez Perdiguero et al., 2015; McGrath

et al., 2015; Orkin and Zon, 2008). Bothmonocytes and tis-

sue-resident macrophages are important for anti-microbial

defense (Gomez Perdiguero et al., 2015). Therefore, alter-

ations in the maternal environment may affect offspring

immunity by reprogramming HSPC outputs in the FBM

and the FL (Friedman, 2018); however, the molecular

mechanisms responsible remain poorly understood. In

the present study, we investigated these mechanisms by

leveraging a rhesus macaque model, whose hematopoietic

(Kim et al., 2014; Larochelle et al., 2011; Lee et al., 2005;

Radtke et al., 2019; Sykes and Scadden, 2013; Varlamov

et al., 2020; Wu et al., 2018) and immune (Batchelder

et al., 2014; Messaoudi et al., 2011; Tarantal et al., 2022)

systems are highly similar to that of humans. Female ma-

caques were exposed to a high-fat Western-style diet

(WSD) or low-fat monkey chow (control diet) beginning

at puberty (True et al., 2017). After 5.5 years of treatment,

animals underwent timed mating breeding. To reduce the
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Figure 1. Maternal WSD induces FBM adipogenesis
(A) Migration of HSPCs between hematopoietic sites during development. Human HSPCs emerge in the aorta-gonad-mesonephros (AGM)
during the first trimester (embryonic day 26 [E26]–E40), and fetal liver (FL) colonization starts at E28. During the second and third

(legend continued on next page)
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potential risk of pre-term birth associated with consump-

tion of a WSD (Frias et al., 2011; Roberts et al., 2021; Salati

et al., 2019), fetuses were collected at gestational day (GD)

130–135 (term 165 ± 10 days). Here, we report for the first

time that the chronic consumption of a maternal WSD

leads to remodeling of the transcriptional landscape of

FBM HSPCs in rhesus macaques.
RESULTS

The impact of maternal WSD on fetal development

Dams consuming theWSD exhibited a significantly higher

percentage of total body fat before pregnancy and greater

bodyweights during pregnancy than control dams (Figures

S1A–S1C; Table S1). Pregnancy rates were not significantly

different between the two groups (Table S2). While fetal

weights were not significantly affected by maternal WSD,

fetal retroperitoneal fat pad weight and maternal and um-

bilical artery glucose levels were significantly elevated in

the WSD group (Figures S1D–S1G; Table S1). Fetal weight

was significantly correlatedwithmaternal weight at theCe-

sarean (C)-section but not with paternal weight or parental

age (Table S3). To elucidate the effects of maternal WSD on

FBM development (Figure 1A), we performed micro-

computed tomography (microCT) and histological ana-

lyses of fetal femurs. Femurs of both control and WSD fe-

tuses were highly trabeculated (Figures 1B and 1C). While

the average trabecular thickness in fetal femurs was not

significantly different between the WSD and control

groups, the trabecular thickness in the distal femur was

positively correlated with maternal glucose levels at the

time of C-section (Figure 1D; Table S3). Additionally,

trabecular density was significantly reduced in the distal fe-

murs of WSD fetuses (Figure 1E). The BM of fetal femurs

derived from the WSD group were densely populated

with adipocytes, while the femurs of control fetuses only

occasionally contained adipocytes (Figure 1F).We next per-

formed quantitative immunohistochemical analysis of

fetal sterna, representing an alternative site of hematopoi-

esis. Maternal WSD induced a significant increase in the

number of adipocytes in fetal sterna, while adipocytes
trimesters, HSPCs migrate from the FL to the fetal bone marrow (FBM).
the formation of the central medullary cavity.
(B) Representative longitudinal midline cross-sections across the bone
Arrowheads and numbers point at the location of radial cross-section
(C) Radial cross-sections across the distal femurs. Far-left and far-righ
looking from open and closed ends, respectively. Middle panels (positi
femurs.
(D and E) Mean trabecular thickness (D) and connectivity density (E)
points represent biological replicates (5 control fetuses and 4 WSD fe
(F) Representative images of H&E-stained proximal femurs from the c
were only occasionally detected in control sterna (Figures

S2A and S2B). The total number of macrophages and

HSPCs per sternal sectionwas not significantly different be-

tween the control and WSD groups. However, a signifi-

cantly higher proportion of macrophages and HSPCs was

found in close proximity to FBM adipocytes in the sterna

of WSD fetuses compared with controls (Figures S2C–

S2H). These data demonstrate that maternal WSD induces

FBM adiposity in fetal bones.
Characterization of rhesus macaque fetal HSPCs at

single-cell resolution

We next determined the transcriptional landscape of FBM

HSPCs at single-cell resolution. HSPCs were isolated from

the long bones of control and WSD-exposed fetuses using

nonhuman primate (NHP)-specific anti-CD34 antibodies

before being profiled by droplet-based single-cell RNA

sequencing (scRNA-seq) (Figures S1A and S3A). Dimension

reduction and clustering of CD34+ scRNA profiles revealed

that the transcriptomes of HSPCs from control and WSD-

exposed fetuses were largely overlapping (Figure S3B),

with a total of 21 cell clusters identified (Table S4). Consol-

idation of redundant clusters resulted in fewer hematopoi-

etic progenitor clusters organized in a continuum state

(Figure 2A). These clusters were annotated based on

markers highly expressed in each cluster relative to the

remaining clusters (Table S4). This approach allowed us

to identify a cluster of hematopoietic stem cells (HSCs)

expressing high levels of HOXA9 and HOPX; prolifera-

ting HSCs marked by high MKI67 expression levels

(Miller et al., 2018); megakaryocytic-erythroid progenitors

(MEPs) expressing KLF1 and HBA; common lymphoid pro-

genitors (CLPs) expressing IL7R, RAG1, andDNTT; pre-con-

ventional dendritic cell (cDC) precursors expressing CCR2,

MAMU-DRA, and CD74; pre-plasmacytoid DCs (pDCs) ex-

pressing IRF7 and CCL3; granulocyte-myeloid progenitors

(GMPs) expressing ELANE and MPO; common monocyte

progenitors (cMoPs) expressing OAZ1 and LYZ; and prom-

onocytes expressing myeloid cell markers S100A8, IL1B,

and VCAN (Asplund et al., 2010, 2011; Chang et al.,

2012; Kapellos et al., 2019) (Figures 2B–2D and S3C;
BM adipogenesis begins during postnatal life and is associated with

shafts of the proximal and distal femurs of control and WSD fetuses.
s shown in (C).
t images represent the three-dimensional (3D) view of the femurs,
ons 1 and 2) represent the view of the 1-mm-thick slices across fetal

across the proximal and distal femur. Bars are means ± SEM; data
tuses); unpaired t tests; *p < 0.05.
ontrol and WSD fetuses; a, adipocytes; s, sinusoids.

Stem Cell Reports j Vol. 17 j 2595–2609 j December 13, 2022 2597



BA
4

MLLT3

3

HOXA9

4

RUNX1

4

GATA1

3

KLF1

5

IRF8

4

BPTF

4

BCL11A

4

DNTT

4

HSC CLP

GMP

cMoP/GMP

cMoP Er

MEP/Mega

RAG1

LYZ ELANE

0
1
2
3

HOXA9 HOPX

RAG1 GATA1

C D

0
1
2

CD34
HOPX
CD59
CD164

MKI67
HMGB2
STMN1
BIRC5

IL7R
CD79B
CD9
DNTT

ELANE
MPO
CTSF
CALR

KLF1
HBA
HBE2
GATA2

VCAN
CCL3

IRF7
GZMB
SELL
TIGIT

CST3
MAMU-DRA
LY6D

LYZ
FZN1
OAZ1
S100A8
S100A9

HSC
cM

oP
GMP

MEP
CLP ErcM

oP
/G

MP

PF4
TREML1
PLEK

HSC

cMoP/pro-Mo GMP

CLP Erythro

HSC

(legend on next page)

2598 Stem Cell Reports j Vol. 17 j 2595–2609 j December 13, 2022



Table S4). Furthermore, as observed in fetal human HSCs,

fetal macaque HSCs showed high expression levels of the

transcription factor MLLT3 gene, the master regulator of

human HSC maintenance (Calvanese et al., 2019). Addi-

tionally, fetal rhesus macaque HSCs expressed high levels

of CD164, encoding the sialomucin adhesive glycoprotein,

expressed in themost primitive branches of human CD34+

HSPCs (Pellin et al., 2019). Fetal macaque HSCs also ex-

pressed HOXA9, the master transcriptional regulator of

HSC differentiation (Lebert-Ghali et al., 2016; Sugimura

et al., 2017), as well as RUNX1, encoding the essential tran-

scription factor required for HSCmaintenance (Jacob et al.,

2010) (Figures 2B–2D and S3C). We also confirmed that

rhesus macaque and human (Ranzoni et al., 2021) fetal

HSPCs share lineage-specific genes expressed in mega-

karyocyte-erythroid progenitors (GATA1/2, PLEK, KLF1,

MS4A2, and BLVRB), granulocyte-monocyte progenitors

(AZU1, LYZ, and MPO), DC progenitors (IRF8), and

lymphoid progenitors (HMGB2 and CD79B) (Figures 2B–

2D and S3C; Table S4). CD38was broadly expressed in fetal

HSPCs (Figure S3C), consistent with a previous study, sug-

gesting an overlap in transcriptional states between CD34+

CD38� and CD34+CD38+ human HSPCs (Pellin et al.,

2019). Furthermore, CLPs formed a distinct cell cluster

and exhibited a unique gene-expression pattern character-

ized by high expression ofDNTTand RAG1 (Figures 2B, 2C,

and S3C; Table S4). The CLP cluster was further subdivided

into CLP-1 (expressing the T cell marker CD3D), CLP-2

(expressing the B cell markers CD79B and MAMU-DRA),

and proliferating CLPs (expressing high levels of MKI67)

(Figures 4C and S3C). These data demonstrate that the sin-

gle-cell transcriptome of rhesus macaque FBM HSPCs ex-

hibits significant similarities with human fetal HSPCs.

Maternal WSD induces a proinflammatory phenotype

in fetal HSPCs and macrophages

The analysis of differentially expressed genes (DEGs)

within HSCs revealed that maternal WSD exposure leads

to upregulation of pathways associated with myeloid cell

activation, including NOD-like receptor (NLR), Toll-like re-

ceptor (TLR), and tumor necrosis factor a (TNF-a) signaling

pathways in FBM HSCs (Figure 3A). Moreover, the proin-

flammatory genes S100A8/9, NFKB1A, and PTGS2 were

highly upregulated in both HSCs and cMoPs (Table S5).

As described for sternal macrophages, long-bone macro-

phage frequencies were not affected bymaternalWSD (Fig-
Figure 2. Single-cell transcriptome of FBM HSPCs
(A) Uniform manifold approximation and projection (UMAP) represe
CD34+ HSPCs. Progenitor names are indicated.
(B) Expression levels of transcriptional regulators of HSPC differentia
(C) Expression levels of key lineage-specific markers (gene names are
(D) Heatmap of progenitor cluster-specific genes; only a subset of lin
ure 3B). However, FBM macrophages from the WSD group

produced significantly higher levels of TNF-a than

those from the control group following stimulation with

the synthetic triacylated lipopeptide Pam3CysSerLys4

(Pam3CSK4, a TLR1/2 ligand) (Figures 3C and 3D). More-

over, the magnitude of the TNF-a response to Pam3CSK4

by FBM macrophages positively correlated with maternal

body fat measured prior to pregnancy (Figure 3E). The fre-

quencies of myeloid subsets residing in fetal blood and

FL were not affected by maternal WSD exposure (Figures

S4A–S4E). Collectively, these data demonstrate that a

maternal WSD exposure results in heightened proinflam-

matory responses by FBM macrophages.

Maternal WSD attenuates B cell development in fetal

bones

Flow cytometry analysis of CD34�CD45+ immune cells

showed that maternal WSD significantly reduced B cell

content in the FBM. In contrast, proportions of FBM

CD3+ T lymphocytes that mature in the thymus and can

subsequently be recruited into the BM (Comazzetto et al.,

2021) were not significantly different between the two

groups (Figures 4A and 4B). The frequencies of lymphoid

subsets residing in fetal blood and FL were not significantly

affected by maternal WSD (Figures S4A–S4E). The analysis

of DEGs in fetal CLPs and HSCs revealed a significant

decrease in the expression of several transcriptional regula-

tors (BCL11A, BTG2, HHEX, BPTF, NCL, and MLLT3) and

cell adhesion molecules (CD164, ITGA4, ESAM, and

CD37) in WSD-exposed fetuses (Figures 4C and 4D;

Table S5). The MLLT3 (Calvanese et al., 2019) and CD164

(Pellin et al., 2019) genes have been previously shown to

be essential for the maintenance and the hematopoietic

reconstitution ability of HSPCs. The most prominent

downregulated genes included BTK, required for pre-B

cell differentiation (Xu et al., 2007), and ERG, which is

essential for lymphopoiesis (Bergiers et al., 2018; Ng

et al., 2020; Sugimura et al., 2017), as well as genes involved

in the lymphoid differentiation pathway (ETV6, SMARCB1,

GRB2, SYK, and TXNDC12) (Table S5). Furthermore, we de-

tected significant downregulation of BCL11A, required for

fetal hematopoiesis (Ding et al., 2021), IRF3, the lymphoid

transcription factor involved in the interferon signaling

pathway (Au et al., 1998), and CD164 and ITGA4 (which

were also downregulated in HSCs), as well as CD79A,

VPREB1, RAG1, and HMGB2, which play a critical role in
ntation of single-cell clusters after dimension reduction of sorted

tion identified in the present study.
shown in black) in HSPCs; progenitor names are color coded.
eage-specific genes is shown.
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antibody. Each data point represents a percentage of CD34+ cells within live FBM MNCs (9 control fetuses and 4 WSD fetuses).
lymphoid lineage development in human fetuses (Ranzoni

et al., 2021) (Figure 4D; Table S5). The DEG analysis re-

vealed a suppression of B cell receptor signaling in B cell

progenitors (CLP-2) with maternal WSD (Figures 4C and

4E). However, the proportions of CD34+ HSPCs within
the mononuclear FBM fraction were not significantly

different between the two groups (Figure 4F; Table S6).

Collectively, our analyses indicate that a maternal WSD

changes the transcriptional program of FBM CLPs, poten-

tially dysregulating B cell development.
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Maternal WSD alters the engraftment ability of FBM

HSPCs under regenerative stress

To test whethermaternalWSD alters HSPC function in vivo,

we transplanted 120,000 tibial FBM CD34+ HSPCs

into nonlethally irradiated immunodeficient NOD/SCID/
2602 Stem Cell Reports j Vol. 17 j 2595–2609 j December 13, 2022
IL2rg�/� (NSG) mice (Figures S4F and S4G). Thirteen weeks

following engraftment, the levels of macaque CD34+ cells

in the BM were significantly lower in the mice engrafted

with HSPCs from the WSD group compared with those

engrafted with control HSPCs (Figures 5A and 5B). We



observed no significant group differences in frequencies of

B and T cells in the BM and blood of NSG mice (Figures 5C

and 5D). In contrast, frequencies of myeloid cells,

including monocytes, and granulocytes (gating strategy

developed by Radtke et al., 2019) were significantly red-

uced in the BM of NSG mice that received CD34+ cells

from maternal WSD fetuses (Figures 5E–5G). To test whe-

ther a maternal WSD alters the differentiation of FBM

HSPCs, we isolated engrafted CD34+ cells from the BM of

NSGmice and conducted a colony-forming assay (CFU) us-

ing 250 CD34+ cells, derived from the control and WSD

groups. There were no significant group differences in the

number of granulocyte-macrophage progenitor colony-

forming units (CFU-GMs) or erythroid burst-forming units

(BFU-Es) (Figure S4H), suggesting that control and WSD

HSPCs exhibit similar in vitro erythro-myeloid differentia-

tion abilities. In summary, our results demonstrate that

maternal WSD changes the intrinsic properties of FBM

HSPCs, thus affecting their engraftment in the BM under

regenerative conditions.
DISCUSSION

Maternal obesity adversely impacts immune function in

the offspring; however, the underlying mechanisms re-

main largely unknown. Experimental and clinical obesity

in adults has been linked to the dysregulation of hemato-

poiesis (Liu et al., 2018; Singer et al., 2014; van den Berg

et al., 2016), mediated in part via gut-derived microbial-

derived metabolites and TLR ligands (Yan et al., 2018).

Previous studies have also shown that maternal WSD

compromises FL hematopoiesis (Kamimae-Lanning et al.,

2015), but very little is known about the effect of WSD

on developmental hematopoiesis during fetal life in

models that resemble human development. Here, we

demonstrate that NHP hematopoietic markers share line-

age-specific genes closely aligned with those of humans

and explore the potential effects of a maternal WSD on

macaque FBM HSPCs.

In the present study, we found that maternal WSD expo-

sure triggers premature FBM adipogenesis. The presence of

adipocytes in the BM cavity is associated with a postnatal

state, as reported by previous NHP (Robino et al., 2020), ro-

dent, and human (Rosen et al., 2009; Scheller et al., 2015)

studies. The pattern of fetal BM adipogenesis induced by

a maternal WSD also resembles age- and obesity-related

replacement of hematopoietic marrow with adipogenic

marrow in adults (Adler et al., 2014; Ambrosi et al., 2017;

Li et al., 2018; Scheller et al., 2015). BM adipocytes have

been initially described as negative regulators of hemato-

poiesis under regenerative stress in mice (Naveiras et al.,

2009). These findings are also consistent with our trans-
plantation data showing that maternalWSDhas a negative

impact on HSPC engraftment. We also demonstrated that

maternal WSD evokes a persistent inflammatory gene

signature in FBM HSPCs and a latent hyperinflammatory

phenotype in FBM macrophages. These findings suggest

that amaternalWSD in utero regulates fetal immune system

development, in part, through reprogramming fetal HSPC

function. Given the negative effects of maternal WSD on

hematopoietic function in long bones in NHP fetuses,

alongside increased adipocyte content, we speculate that

excess BM adiposity in utero has a negative effect on specific

aspects of hematopoiesis. However, it is possible that other

components of the FBM niche (such as stromal and bone

cells) are also affected by a maternal WSD, and more study

is necessary to understand how alterations in the cross-talk

between an adipocyte-rich microenvironment and HSPCs

affect the subsequent development and function of the im-

mune system. For example, we have previously shown that

adult macaque BM adipose tissue releases factors enriched

in extracellular vesicles (Robino et al., 2020), representing

the potential regulators of HSPC function and differentia-

tion (Butler et al., 2018; Hornick et al., 2016; Huan et al.,

2015). Likewise, there may be metabolic signals from the

maternal microbiome that play a role in prenatal dietary

priming of hematopoietic progenitors and contribute to

developmental programming (Kalbermatter et al., 2021).

Our immunophenotypic analysis shows that a maternal

WSD also reduced FBM B cell numbers, while our scRNA-

Seq analysis revealed that maternal WSD reduced the

expression of B cell development genes in FBM CLPs. We

also demonstrate that FBM HSPCs from the WSD group

exhibited reduced engraftment andmyeloid lineage recon-

stitution abilities in nonobese recipient mice, which is

consistent with our scRNA-seq data showing that maternal

WSD results in downregulation of cell adhesion molecules

in FBM HSPCs. These data are consistent with the concept

that maternal WSD drives intrinsic changes in HSPCs that

affect their biological function in the FBM. We did not

observe significant effects of maternal WSD on myeloid

cell numbers in fetal bones, FL, or peripheral blood. In addi-

tion, a previous study in mice has shown that in the FL,

maternal obesity, together with a maternal high-fat diet,

skewed HSPCs toward a myeloid-biased differentiation

that was niche dependent (Kamimae-Lanning et al.,

2015). Furthermore, our studies show that WSD enhanced

TLR1/2 cytokine responses by FBM macrophages, which is

consistent with rodent studies that demonstrated hyperin-

flammatory responses in BM-derived macrophages (Fried-

man et al., 2018) and microglia (Edlow et al., 2019) of

offspring born to dams on a high-fat diet, and with our

scRNA-seq analysis showing the upregulation of TLR

and TNF-a signaling pathways and proinflammatory genes

in monocyte progenitors from WSD fetuses. Our study
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therefore expands on previous reports that obesity drives

peripheral adipose tissue inflammation (McNelis and Olef-

sky, 2014; Reilly and Saltiel, 2017; Russo et al., 2020; Singer

et al., 2015) and suggests that diet-induced expansion of

BM adipose tissue is also associated with an increase in a

proinflammatory environment in the FBM.

Our study has several limitations. The small sample size

might limit our power to detect smaller effects caused by

maternal WSD on fetal outcomes. Nevertheless, the num-

ber of biological replicates (n = 2–3 per group) used in our

scRNA-seq study is consistent with previous scRNA-seq

studies of humanHSPCs using two stem cell donors (Crosse

et al., 2020; Pellin et al., 2019; Velten et al., 2017). The small

number of fetuses in the WSD group precluded an exami-

nation of sex differences in maternal effects on fetal hema-

topoiesis. While small effects of a maternal WSD on fetal

bone trabecular development were detected, further

studies are needed to understand the impact of maternal

diet on fetal bone development in NHPs. In summary,

this study sets the stage for understanding the link between

maternal obesity, prenatal nutrition, and diseases in-

volving immune progeny of the HSPC compartment in

children (Friedman, 2018; Jonscher et al., 2020; Netea

et al., 2020) and highlights the need to better understand

the susceptibility of the developing a hematopoietic sys-

tem to metabolic dysregulation over lifetime.
EXPERIMENTAL PROCEDURES

Resource availability

Corresponding author

Further information and requests for resources and reagents

should be directed to the corresponding author, Oleg Varlamov

(varlamov@ohsu.edu).

Materials availability

This study did not generate new unique reagents.

Dietary intervention
All animal procedures were approved by the Oregon National Pri-

mate Research Center (ONPRC) Institutional Animal Care and Use

Committee and comply with the Animal Welfare Act and the APA

Guidelines for Ethical Conduct in the Care and Use of Nonhuman

Animals in Research. Dietary interventions and animal care have

been previously described (Bishop et al., 2018a, 2021; True et al.,

2017; Varlamov et al., 2017). The control diet (Purina Lab Diet fi-

ber-balanced monkey chow no. 5000; Purina Mills, St. Louis,

MO, USA) contains 15% calories from fat, 27% from protein, and

58% from carbohydrates. The WSD diet (Purina 5LOP, Purina

Mills) contains 36% calories from fat, 18% from protein, and

46% from carbohydrates.

Animal breeding and C-section
The animal cohort described in the present study underwent two

fertility trials, after 3.5 (Bishop et al., 2018b) and 5.5 (present
2604 Stem Cell Reports j Vol. 17 j 2595–2609 j December 13, 2022
study) years of treatment. Fertility trial procedures were previously

described (Bishop et al., 2018b). Briefly, pregnancies were initiated

by timed mating breeding utilizing proven male breeders main-

tained on a control diet. To minimize the potential effects of

paternal weight and age differences on fetal development, one

male breeder whose age and weight were two standard deviations

lower than the group average andmaternal and fetal analyses asso-

ciated with this breeder were not included in this study. Male

breeders used in the study (n = 9) ranged in age from 12 to 18.8

years and in weight from 11 to 14.7 kg. Females used in this study

(n = 9 control animals; n = 4WSD animals) ranged in age from 7.8

to 8.9 years and in weight from 5.9 to 10.8 kg. Nine control and 4

WSD fetuses were used in this study.

Fetal necropsy
Fetal morphometric parameters and whole-body weights were re-

corded. Terminal blood was collected from the abdominal aorta

or caudal vena cava. The thoracic cavitywas opened, and all tissues

and organs were examined for normal fetal development in situ.

Fetal organs were collected, and their weights were recorded

(Table S1). Themiddle portion of the FL that encompasses the gall-

bladder was dissected, perfused with Belzer UWCold Storage Solu-

tion (Bridge to Life, Northbrook, IL, USA), and shipped on ice to

University of Colorado for the flow cytometry analysis of FL im-

mune cells. Fetal femurs, tibias, and sternum were collected and

processed within 15–30 min of exsanguination.

Cell isolation from the FBM and FL
Both fetal tibias were completely cleaned of all soft and cartilagi-

nous tissues, placed in a ceramic mortar containing 20 mL ice-

cold X-Vivo media (Lonza, Basel, Switzerland), cut into smaller

fragments, and manually crushed with a ceramic pestle. The cell

suspension and bone fragments were transferred into a 30 mm

nylon cell strainer (Thermo Fisher Scientific, Waltham, MA, USA)

and rinsed with 10 mL ice-cold X-Vivo media (Lonza). Cell filtrate

was subjected to centrifugation at room temperature for 30 min at

400 3 g on a Ficoll gradient (Stem Cell Technologies, Vancouver,

BC, Canada). FBM mononuclear cells residing at the interface of

X-Vivo media and Ficoll were carefully collected, and red blood

cells were lysed for 8 min using the RBC lysis buffer ( Stem Cell

Technologies). Cells were washed three times with PBS, and

CD34+ cells were isolated as described (Robino et al., 2020)

using rhesus macaque-specific antibodies to CD34 (clone 563;

BD Pharmingen, San Jose, CA, USA) and the anti-PE MACS

magnetic bead system (Miltenyi Biotec, Bergisch Gladbach,

Germany) with the supplied reagents. CD34+ HSPC and CD34�

flow-through cell fractions were cryopreserved using CryoStor

CS10 (STEMCELL Technologies).

Engraftment of FBM HSPCs in NSG mice
Engraftments were performed on 4-week-old female NSG mice

(Jackson Laboratory, Bar Harbor, ME, USA; strain: 005557

NOD.Cg-Prkdc Il2rg/SzJ) of at least 15 g body weight. The NSG

mice weremaintained on regular rodent chow under a sterile envi-

ronment. To minimize nonhematopoietic toxicity, a nonlethal

dose of 200 cGy was administered to NSG mice. Cryopreserved

FBMCD34+ cells derived from two control and twoWSDmacaque

mailto:varlamov@ohsu.edu
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fetuses were thawed, washed with X-Vivomedia (Lonza), counted,

and kept on ice before injection. 5–6 NSGmice were injected with

120,000 CD34+ cells derived from each donor, as described below.

Two negative control mice were injected with the X-Vivo media.

Blood collectionwas performed once amonth. All 11mice injected

withCD34+ cells from the control fetuses survived the postengraft-

ment period. Five out of 11 mice injected with CD34+ cells from

the WSD fetuses died prior to engraftment. All mice were eutha-

nized 13 weeks after injection. Both mouse tibias were cleaned of

soft tissues, cut at the proximal and distal ends, and flashed with

1 mL ice-cold 2 mM EDTA-PBS. Blood and BM samples (Table S6)

were analyzed.

Flow cytometry
Cryopreserved cells, including tibial CD34� FBM and peripheral

blood mononuclear cells (PBMCs), were analyzed by flow

cytometry using monoclonal antibodies validated for binding

to rhesus macaque proteins (Burwitz et al., 2014). FBM cells

(5 3 105) were stimulated with LPS (TLR4 agonist 1 mg/mL),

Pam3CSK4 (TLR1/2 agonist, 1 mg/mL), or HKLM (TLR2 agonist,

108 particles/mL) for 8 h in the presence of 5 mg/mL brefeldin

A (Sigma-Aldrich). TLR agonists were purchased from InvivoGen

(San Diego, CA, USA). Cells were stained with antibodies to

CD11b, HLA-DR, and CD163 to delineate monocytes/ma-

crophages. Following surface staining, cells were permeabilized

and stained with monoclonal antibodies to TNF-a (clone

MAb11, Invitrogen). Samples were washed in fluorescence-acti-

vated cell sorting (FACS) buffer and analyzed on an LSRII flow

cytometer. Data were analyzed using FlowJo v.10 (Tree Star, Ash-

land, OR, USA) and Prism v.6 (GraphPad Software, San Diego,

CA, USA).

FACS sorting and scRNA-seq of fetal CD34+ cells
Freshly thawed antibody-labeled CD34+ HSPCs were enriched for

live cells by FACS using SYTOX Blue dead cell stain (Thermo Fisher

Scientific) on a BD FACS Aria Fusion cell sorter. Cells were sorted

into RPMI containing 30% FBS, 5% glutamine, and antibiotics.

Samples from each group were sorted into one single tube. Cells

from each group were then counted in triplicates on a TC20 Auto-

mated Cell Counter (Bio-Rad), washed, and resuspended in 13 PBS

with 0.04% BSA to a final concentration of 1,200 cells/mL. Single-

cell suspensionswere then immediately loaded on a 10xGenomics

Chromium Controller with a loading target of 17,600 cells.

Libraries were generated using the 30 V3 chemistry per the manu-

facturer’s instructions (10x Genomics, Pleasanton, CA, USA) and

sequenced on an Illumina NovaSeq with a sequencing target of

30,000 reads per cell.

scRNA-seq data analysis
Raw reads were aligned and quantified using the Cell Ranger’s

count function (v.4.0, 10x Genomics) against the Macaca mulatta

reference genome (MMul10) using the STAR aligner. Downstream

processing of aligned reads was performed using Seurat (v.3.2.2).

Droplets with ambient RNA or poor-quality cells (cells with fewer

than 400 detected genes), potential doublets (cells with more

than 4,000 detected genes), and dying cells (cells with more than

20% total mitochondrial gene expression) were excluded during
the initial quality control. To rule out biases in different stages of

cell cycle, cells were then scored for S or G2/M phase using a cata-

log of canonical markers (Kowalczyk et al., 2015). Cells with high

ribosomal gene expression (R30 pc of total gene expression) were

further excluded before integration. Data objects from the two

groupswere integrated using Seurat’s IntegrateData function (Stuart

et al., 2019). Data normalization and variance stabilization were

performed using the SCTransform function using a regularized

negative binomial regression to correct for differential effects of

mitochondrial and ribosomal gene-expression profiles. Dimension

reduction was performed using the RunPCA function to obtain the

first 30 principal components followed by clustering using the

FindClusters function in Seurat. Clusters were visualized using uni-

form manifold approximation and projection (UMAP) algorithm

as implemented by Seurat’s runUMAP function. Cell types were as-

signed to individual clusters using FindMarkers functionwith a fold

change cutoff of at least 0.4 and using a known catalog of well-

characterized scRNA markers for HSCs (Table S5) (Pellin et al.,

2019). Differential expression analysis of the chow and WSD

groups within each cell type was performed using the nonpara-

metric Wilcoxon rank-sum test in Seurat. Genes with at least a

0.4-fold change (log2 scale) and with an adjusted p value %0.05

were considered significant. Pathway analysis of differential signa-

tures was performed using Enrichr (https://maayanlab.cloud/

Enrichr/). For module scoring, we compared gene signatures and

pathways from KEGG (https://www.genome.jp/kegg/pathway.

html) in subpopulations using Seurat’s AddModuleScore function.

Group differences were compared using unpaired t test followed

by Welch’s correction.

Statistical analyses
A correlation analysis between maternal/paternal and fetal param-

eters was conducted by calculating the Pearson correlation coeffi-

cients and their associated p values. The p values were then

adjusted using the Benjamini-Hochberg procedure to control the

false discovery rate (FDR) below 0.05 for selected physiological pa-

rameters. This method was implemented in R using the ‘‘p.adjust’’

function. All two-group comparisons were tested for statistical dif-

ferences using unpaired t tests.
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