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gestational health to adult pathologies.

Introduction

One in six pregnancies is affected by some form of gestational
diabetes (GD), a prevalence that is steadily rising in the con-
text of the worldwide epidemics of obesity and early diabet-
ic onset (1). Of these cases, 80% are classified as gestational
diabetes mellitus (GDM), which present an episode of glucose
intolerance associated with the metabolic disruptions occur-
ring during the second or third trimester of the pregnancy. The
remaining cases arise earlier in pregnancy and are referred to
as diabetes in pregnancy. They include women with predia-
betes who become diabetic during pregnancy or women with
overt type 1 or type 2 diabetes who have difficulty regulating
their glycemia during pregnancy. When untreated, this condi-
tion has direct short-term consequences on pregnancy, with
poor maternal and offspring outcomes, including increased risk
of retinopathy, nephropathy, and preeclampsia for the mother
and congenital cardiac malformation, macrosomia, and jaun-
dice for the newborn (2, 3). Early diagnosis and advances in
maternal glucose control have greatly mitigated the perinatal
consequences of GD for the mothers and the offspring (2-4).
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Gestational diabetes is a common medical complication of pregnancy that is associated with adverse perinatal outcomes
and an increased risk of metabolic diseases and atherosclerosis in adult offspring. The mechanisms responsible for this
delayed pathological transmission remain unknown. In mouse models, we found that the development of atherosclerosis

in adult offspring born to diabetic pregnancy can be in part linked to hematopoietic alterations. Although they do not show
any gross metabolic disruptions, the adult offspring maintain hematopoietic features associated with diabetes, indicating
the acquisition of a lasting diabetic hematopoietic memory. We show that the induction of this hematopoietic memory
during gestation relies on the activity of the advanced glycation end product receptor (AGER) and the nucleotide binding and
oligomerization domain-like receptor family pyrin domain-containing 3 (NLRP3) inflammasome, which lead to increased
placental inflammation. In adult offspring, we find that this memory is associated with DNA methyltransferase 1 (DNMT1)
upregulation and epigenetic changes in hematopoietic progenitors. Together, our results demonstrate that the hematopoietic
system can acquire a lasting memory of gestational diabetes and that this memory constitutes a pathway connecting

However, these advances have only marginally affected its
long-term consequences. Exposure to hyperglycemia in utero
remains associated with long-term morbidities in adult off-
spring, including increased risk of metabolic diseases, athero-
sclerosis, and cardiovascular diseases (5-9). The mechanisms
driving this pathological transmission across generations
remain unknown.

Here we establish two reliable genetic and pharmacologi-
cal mouse models that emulate the adverse perinatal and long-
term consequences associated with GD in human. In these
models, we reveal the existence of a lasting hematopoietic
memory associated with GD that contributes to the increased
susceptibility to atherosclerosis of the adult offspring. Mech-
anistically, we show that the acquisition of the hematopoietic
memory during diabetic gestation relies on the activity of the
advanced glycation end product receptor (AGER) pattern rec-
ognition receptor and the nucleotide binding and oligomeri-
zation domain-like receptor family pyrin domain-containing 3
(NLRP3) inflammasome to promote placental inflammation.
Finally, we show that this memory is associated with epigenetic
changes in hematopoietic stem and progenitor cells (HSPCs)
and progenitor cells. Together, our results highlight import-
ant pathways that connect maternal and fetal health to adult
pathologies. Notably, they demonstrate that the hematopoiet-
ic system can acquire a lasting memory of gestational events
and that transgenerational hematopoietic memory could be an
important “effector” of pathologies in adulthood.
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Results

Two independent genetic and pharmacological models of diabetes in
pregnancy. We conducted our studies in 2 independent mouse mod-
els of diabetes in pregnancy. First, we used a mouse genetic mod-
el of type 1 diabetes (Ins24%%/) under a rigorous breeding scheme
(Figure 1A). C57BL/6-backcrossed Ins24k*) mice carry a sponta-
neous mutation in the Ins2 gene that induces the toxic folding of
the insulin protein, leading to reduced B cell mass and impaired
insulin secretion (10). Mice heterozygous for the Ins24t* muta-
tion displayed normal weight and a diabetic profile with hyper-
glycemia, but not hyperinsulinemia. The colony was maintained
by crossing Ins24/* males to C57BL/6 females to limit intergen-
erational GD and potential germline alterations. To reinforce the
hyperglycemia phenotype in females, F1 heterozygote Ins24k/+
and WT littermate females were fed with high-fat diet (HFD) (60
kcal% fat) for 3 weeks before breeding with C57BL/6 males (Fig-
ure 1A). In this condition, Ins24¥*/+ dams displayed high nonfast-
ing blood-glucose levels during gestation (measured at gestational
days G10+1 and G17+1) (Figure 1C). To independently validate our
results, we established a pharmacological C57BL/6 mouse model,
based on a 2-hit approach that combines HFD with 3 injections of
streptozotocin (STZ) (60 mg/kg/d) to target maternal pancreatic B
cells and induce diabetes (Figure 1B) (11). STZ administration was
completed 1 week prior to mating, precluding any direct impact of
STZ on the offspring. In this model, dams developed hyperglyce-
mia during gestation with a late-stage peak at G17+1 (Figure 1D).
Consistent with human pathology, both animal models showed
an increase in perinatal adverse events (for ~15% of the dams),
including cases of stalled labor, dystocia, and pup mortality (data
not shown) (2). Offspring (F2) were maintained under regular 13
kcal% fat diet from birth into adulthood and analyzed as adults at
8 to 12 weeks of age. Analyses were performed on WT offspring
that did not carry the diabetogenic mutation (denoted hereafter
as WTA4%) or were not directly exposed to STZ treatment (denot-
ed hereafter as WTS™%). GD offspring were compared with control
(Ctrl) mice born to normal pregnancy generated through a similar
breeding scheme. As expected, GD offspring showed no gross met-
abolic abnormalities at weaning (4 weeks) and adulthood (8 weeks)
when assessed by (a) body weight, (b) nonfasting or fasting blood
glucose, and (c) glucose-tolerance test (GTT) or insulin-tolerance
test (ITT) (Figure 1, E and F, and Supplemental Figure 1, A and B;
supplemental material available online with this article; https://
doi.org/10.1172/JCI169730DS1). Together, our results describe 2
independent GD mouse models with gestational hyperglycemia
and perinatal adverse features that recapitulate human pathology.
They show that offspring born to these models of diabetic pregnan-
cy do not present major metabolic abnormalities or glycemic alter-
ations when analyzed during early adulthood.

Diabetic pregnancy promotes atherosclerosis development in
adult offspring. In human populations, GD has been associated
with early onset of atherosclerosis development in offspring (8,
9). To assess whether the mouse models mimic human patholo-
gy, we induced GD in atherosclerosis-prone Apoe-KO mice using
the STZ protocol and challenged the offspring with HFD to favor
atherosclerosis development (Figure 2, A and B). As described in
WT mice, adult GD Apoe”~ offspring did not display any changes
in body weight or gross glycemic alterations (Figure 2C). However,
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aortic valve histological examinations showed accelerated athero-
sclerosis development in GD offspring compared with Ctrls (Fig-
ure 2D). Notably, we observed increased inflammation, lipid depo-
sition, and cartilaginous metaplasia in the aortic valves (Figure 2E
and Supplemental Figure 2, A and B). We then used hematopoietic
transplantation to assess the contribution of the hematopoietic
system to the atherosclerotic phenotype. Saturating amounts of
BM cells (5 x 10°) isolated from Ctrl or GD WT*5% offspring were
transplanted into Apoe”~ irradiated recipient mice that were sub-
sequently challenged with HFD (Figure 2F). Transplanted mice
showed no overt glycemic alterations (Figure 2G). The severity
of the atherosclerotic features was reduced in Apoe”~ recipient
mice, consistent with previous reports (12, 13). However, even in
this context, recipient mice transplanted with GD offspring BM
showed an increase in aortic valve atherosclerotic lesions (Fig-
ure 2, H and I, and Supplemental Figure 2C). These lesions in the
Apoe”~ recipients were associated with exacerbated monocytosis
and accumulation of aortic myeloid cells (Supplemental Figure 2,
D and E) (14, 15). Together, these results validate the use of the 2
GD mouse models to mimic the pathological conditions described
in human cohorts born to diabetic pregnancy. They also suggest
that the hematopoietic system contributes, at least to some extent,
to atherosclerosis development in adult GD offspring.

Long-term alterations of the steady-state hematopoiesis in off-
spring born to diabetic pregnancy. We next performed a compre-
hensive analysis of the hematopoietic compartments present
in the BM of 8-week-old WTA% mice born to diabetic pregnan-
cy (Figure 3A) (16). While BM cellularity was not dramatically
affected, we found that steady-state hematopoiesis was skewed
toward the myeloid lineage (Figure 3B). We analyzed the imma-
ture Lineagec-Kit*Sca-1* (LSK) BM compartment subfractionat-
ed based on the expression of the marker Flt3, CD150, and CD48
(Figure 3C and Supplemental Figure 3A). GD did not affect the
frequency and phenotype of the hematopoietic stem cells (HSCs)
defined as LSK/FIt3-CD48 CD150* (HSC-SLAM). In contrast,
we observed an expansion of the short-term multipotent pro-
genitors MPP3 and MPP4, defined as LSK/FIt3"CD48'CD150"
and LSK/FIt3*CD48*CD150-, respectively. This was associated
with an expansion of the myeloid committed progenitors (gran-
ulocyte/macrophage progenitor [GMP]: Lineage c-Kit*Sca-1-
CD34*FcyR") (Figure 3D). Functionally, a decrease in the quies-
cence of the HSC compartment was detectable by intracellular
Hoechst 33342/Ki67 staining (Figure 3E). HSC activation was
further confirmed by reduced nuclear localization of FOXO03, a
key regulator of HSC quiescence (17) (Figure 3F). This activat-
ed phenotype was associated with a loss of HSC fitness in com-
petitive transplantation assay (Figure 3, G and H) (18). Similar
BM myeloid skewing was observed in the pharmacological STZ
model with an expansion of the MPP4 and GMP compartments
(Supplemental Figure 3, B-D). Although we did not observe a
major alteration of the HSC quiescence at steady state, compet-
itive transplantation assay revealed a similar loss of HSC fitness
(Supplemental Figure 3, E-H).

Together, these results suggest a long-lasting effect of GD on
the offspring hematopoietic system that persists into adulthood.
We observed marks of activation of the HSC compartment and
an expansion of key hematopoietic myeloid progenitors (MPP

J Clin Invest. 2024;134(2):e169730 https://doi.org/10.1172/JC1169730



The Journal of Clinical Investigation

RESEARCH ARTICLE

A g 8-week-old adult
g Ins2++ C57/BL6 e %
Ins2Ash (Ctrl) X birth
X > | >
diet gestation |
(3 wks) (3 wks) WWTAkita
1 (GD)
C57/BL6 Ins 2Akitars +HFD
F2
FO F1
B 8-week-old adult
Veh. Ctrl
C57/BL6 _
N ot
l Ll
I diet I I I gestation I
C57/BL6 (3 wks) STZ (3 wks) WTsTz
(GD)
F1 +HFD
F2
C D
F1 (dam) F1 (dam)
__ 600 ® Ctrl ® [ng2akita’ 4y py __ 600, ® C57/BL6Veh @ C57/BLGSTZ
% *hkk fpliaid . iy %
‘a) 5001 1 . - "51 5004 ek P
2E 400{ | . : . 2E 400 s :
= o T L
g2 N - 82 i N X
S g 3001 $ g 300 .
€3 Lo ’ * 52 200 : >
o 9 <4
z 'g’ . . =z —gj HO -
§ 1001 8§ 1001 .
K=l 0 =] 0
Baseline HFD G10 G17  After Baseline HFD STZ G10 G17 After
(6 wks (+/-1)  (+/-1) weaning (6 wks (+/-1)  (+/-1) weaning
of age) gestation of age) gestation
E F
0 ~ 5991 F2 (offspring) 401 - 3001 F2 (offspring)
R 1dQ 2 109
301 o e o cir 301 oF e o cu
c £= | e o WTakia 5 » £S . |eo WTsz
= | Te %3 300 z x Egann
-E” “1s = ; Y g 200 -5’ ’ t g 200
s P 52 g |1 53
101 i <2 100 101 H "I <3 1004
o ie]
0 < o 0 2 ol

Weaning Adult
age

Weaning Adult
age

Weaning Adult
age

Weaning Adult
age

Figure 1. Modeling diabetes during pregnancy. (A and B) Breeding and treatment schematic used to generate genetic (A) and pharmacological (B) mouse
models of GD. (C and D) Dam nonfasting glycemia before, during, and after pregnancy in genetic (C) and pharmacological (D) mouse models (C: n = 17-20/

group, D: n = 6-20/group, n = 6-8/group at postweaning age). (E and F) Wean

ing-age (4 weeks old) and adult-age (8 weeks old) body weight (left panels)

and nonfasting glycemia (right panels) of offspring born to diabetic pregnancy in the genetic (E) and pharmacological (F) mouse models (n = 5-8/group).
Data are represented as means * SD. Two-way ANOVA with Sidak’s post hoc test. ***P < 0.0005; ****P < 0.0001.

and GMP). Although these alterations did not lead to any overt
hematological pathologies at the time of analysis, they signal the
persistence of a latent dysregulated hematopoietic state in off-
spring born to diabetic pregnancy.

GD offspring display altered hematopoietic response to inflam-
matory cues. We assessed the functional effect of GD on the abil-
ity of the offspring hematopoietic system to respond to inflam-
matory challenge (Figure 4A). We used LPS to mimic bacterial
infection in Ctrl and GD WTS™ offspring and in adult diabetic

J Clin Invest. 2024;134(2):e169730

Ins24k%/+ males (nonfasting blood glucose: 390.7 * 57.7 mg/dL,
n = 10). As expected, LPS treatment led in all conditions to a
decrease of the BM cellularity and a reduction of the number of
BM myeloid cells (Figure 4B). In contrast, we observed an altered
hematopoietic stress response in WTS™ GD offspring and diabet-
ic Ins24k*/* mice, phenotypically characterized by limited MPP3
expansion and a slow recovery of the GMP compartment (Fig-
ure 4C). This phenotype in GD offspring was associated with a
reduced inflammatory cytokine response, particularly for IL-6,

https://doi.org/10.1172/)C1169730
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Figure 2. GD promotes atherosclerosis development in adult offspring. (A) Experimental schematic used to assess atherosclerosis development in
Apoe”- GD offspring. (B) STZ-treated Apoe~- dam nonfasting glycemia before and during pregnancy (n = 3). (C) Adult body weight (left panel) and non-
fasting glycemia (right panel) of Apoe”- offspring born to diabetic pregnancy (n = 4-7). (D) Histological criteria and atherosclerosis severity score in adult
Ctrl and GD Apoe™- offspring (n = 7-5/group). (E) Example of histological analysis of HGE-stained aortic valve from Apoe~- offspring born to diabetic
pregnancy compared with Ctrl. Original magnification, x100; insets, x200. (F) Experimental schematic used to assess atherosclerosis in Apoe™” recipients
transplanted with BM isolated from adult Ctrl and GD Apoe™- offspring. (G) Adult body weight (left panel) and nonfasting glycemia (right panel) of Apoe™-
recipient mice transplanted with BM cells isolated from Ctrl or GD offspring (n = 5). (H) Atherosclerosis severity in Apoe™- recipient mice (n = 11-12/group).
(1) Example of histological analysis of aortic valve from Apoe~- recipient mice. Original magnification, x100. Data are represented as means + SD (B, C, and
G). Two-way ANOVA with Sidak’s post hoc test (B); i test for trend (D and H). *P < 0.05; **P < 0.01.

IL-12p70, and, to a lesser extent, IFN-y, TNF-a, MCP1, and MIP2
(Figure 4D). It is noteworthy that similar alterations were found
in a model of viral infection using polyinosinic:polycytidylic acid
(pIC), suggesting that these functional characteristics are not
linked to a specific inflammatory pathway (Supplemental Figure
4,A-D). These results indicate that GD leads to lasting disruption

of the hematopoietic stress response in the offspring. Although
GD offspring do not display any gross metabolic defects, we
observed that they mimic the hematopoietic features found in
diabetic mouse models. Thus, these results suggest the existence
of a long-term functional glycemic memory in adult offspring
born to diabetic pregnancy.

J Clin Invest. 2024;134(2):e169730 https://doi.org/10.1172/)C1169730
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Figure 3. Offspring born to diabetic pregnancy display altered steady-state hematopoiesis. (A) Schematic of the murine hematopoietic hierarchy. (B)
BM cellularity and absolute numbers of BM myeloid/lymphoid cells in adult WTA offspring (n = 12). (C and D) Absolute numbers of HSPC populations in
the BM of adult Ctrl and WTA4% offspring (n = 11-12). CMP, common myeloid progenitor (Lineage c-Kit*Sca-1"CD34*FcyR"); MEP, megakaryocyte/erythroid
progenitor (Lineage c-Kit*Sca-1"CD34-FcyR"). (E) Percentage of HSC distribution in cell-cycle phases in adult Ctrl and WTA4® offspring. Right panel shows
representative FACS plots for Ki67/ Hoechst 33342 staining (n = 10). (F) Percentage of HSCs isolated from Ctrl and WTA® offspring that present FOX03
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from 1 experiment: PB chimerism over time (G) and BM chimerism for HSC subsets, 20 weeks after transplantation (H). Data are represented as means +
SD. Two-way ANOVA with Sidak’s post hoc test (B, C, D, G, and H) or with Tukey's post hoc test (E); unpaired 2-tailed Student’s t test (F). *P < 0.05; **P <

0.07; ***P < 0.0005; ****P < 0.0001.

To confirm these observations, we generated BM-derived
macrophages (BMDMs) from adult Ctrl, GD WT4t and WTS™2
offspring, along with diabetic Ins24¢*/* mice (Figure 4E). We did
not observe any qualitative or quantitative defects in BMDM
generation based on cell number and immunophenotype (data
not shown). As expected, all BMDMs acquired an inflammatory
phenotype upon treatment with LPS (10 ng/mL) and IFN-y (10
ng/mL), as assessed by the acquisition of the CD86 marker and
the expression of inflammatory cytokines such as /6, Illa, and

J Clin Invest. 2024;134(2):e169730 https://doi.org/10.1172/)C1169730

Tnf (Supplemental Figure 4E and data not shown). However, we
found that BMDMs generated from WTAK® and WTS'? GD oft-
spring were reduced in number after activation compared with
Ctrl (Figure 4F). This loss of cellularity was detectable as early
as 3 hours after activation (Supplemental Figure 4F). Consis-
tent with the maintenance of a functional glycemic memory,
this property of BMDMs generated from GD offspring mim-
icked the behavior of BMDMs derived from diabetic Ins24kit@/*
mice. Importantly, this property was maintained when GD
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Figure 4. GD altered the inflammatory hematopoietic response in offspring. (A) Schematic of the experimental design for the in vivo LPS inflammatory
challenge. (B) BM cellularity and absolute numbers of BM myeloid cells 3 days after LPS treatment. (C) Absolute numbers of BM MPP3 and GMP cells 3
days after LPS treatment (n = 3-6/group). (D) Inflammatory cytokine concentration in the mouse serum 3 days after LPS treatment (n = 4/group). (E)
Schematic of experimental design to generate and activate BMDMs. (F) Absolute numbers of BMDMs in culture 24 hours after treatment with PBS or LPS/
IFN-y (n = 4-9/group). (G) Schematic of experimental design describing BMDM generation from transplanted mice. (H) Following transplantation, absolute
numbers of BMDMs in culture 24 hours after treatment with PBS or LPS/IFN-y (n = 4/group). Data are represented as means + SD. One-way ANOVA with
Tukey’s post hoc test (B and C) or 2-way ANOVA with Sidak’s post hoc test (D, F and G). *P < 0.05; **P < 0.01; ***P < 0.0005; ****P < 0.0001.

offspring BM cells were transplanted into normal congenic
mice (Figure 4G). Thus, BMDMs generated from recipient mice
6 months after BM transplantation maintained a heightened
sensitivity to inflammation (Figure 4H). Together, these data
show that BMDMs generated from GD offspring and diabetic
mice share functional properties that are distinct from those of
Ctrl BMDMs. Results in the BM transplantation setting demon-
strate that the diabetic memory generated in GD offspring is an
intrinsic hematopoietic property supported by alterations in the
HSC compartment.

Sterile inflammation contributes to the induction of the GD
hematopoietic memory during pregnancy. We hypothesized that
damage-associated molecular patterns (DAMPs) linked to hyper-
glycemia could contribute to the in utero induction of the GD
hematopoietic memory (19). AGER is a receptor for several met-
abolic stress signals, such as advanced glycation end products
(AGEs), HMGB1, and S100 proteins (20). Previous reports have
demonstrated the role of AGER in GD-associated fetal alterations
(21, 22). We used a loss-of-function approach to determine the
contribution of AGER to the development of a GD hematopoietic

J Clin Invest. 2024;134(2):e169730 https://doi.org/10.1172/JC1169730
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memory. We treated Ager-deficient (Ager””) dams with STZ to
generate GD mutant offspring (Agers™?) (Figure 5A). Mutant dams
did not show any alterations of the diabetic phenotype during
pregnancy compared with their WT counterparts (Supplemental
Figure 5A). Adult GD offspring were evaluated by BM phenotyp-
ic analysis at steady state and functional BMDM assessment, two
defining criteria of GD hematopoietic memory in WT mice (Figure
5B). Based on these readouts, we observed that the disruption of
the AGER pathway blocks the acquisition of the GD hematopoietic
memory in offspring (Figure 5C). Targeted gene invalidation in the
dam (by crossing male WT with female Ager”) or in the fetus (by
crossing male Ager”~ with female Ager”- and selecting Ager”~ off-
spring) demonstrate that this pathway is specifically required in the
mother for the induction of the GD hematopoietic memory in the
offspring (Supplemental Figure 5, B and C). These results show that
the maternal AGER pathway is a primary inducer of the diabetic
hematopoietic memory and suggest the existence of secondary sig-
nals that affect the hematopoiesis of the offspring.

We hypothesized that sterile inflammation could be central
to these secondary signals. We tested the NLRP3 inflammasome,
which is a known regulator of sterile inflammation and which has
been associated with GD and pregnancy complications (23, 24).
We assessed NLRP3 as previously described for AGER (Figure 5A).
Global NLRP3 targeting did not affect the dam GD (Supplemental
Figure 5D), but did prevent the acquisition of the GD hematopoi-
etic memory in offspring (Nlrp3%™?) (Figure 5D). Unlike AGER,
NLRP3 was required in both the dam and the fetus (Supplemental
Figure 5, E and F). Furthermore, we found that the GD hematopoi-
etic memory correlates with placental inflammation. We observed
an expansion of the macrophage population in placenta of WTS™
offspring that develop a hematopoietic memory, but not in Agers™
and Nlpr3%™ offspring (Figure 5E). As expected, accumulation of
placental macrophage was associated with expression of inflam-
matory cytokine genes, such as 16, Ccl2, Il1b, and Tnf. (Figure 5F
and Supplemental Figure 5G). These results were strengthened
by RNA-Seq analyses performed on CD45" cells isolated from
placenta, which confirmed the link between GD and placental
inflammation and its dependence on NLRP3 (Figure 5G, Supple-
mental Figure 5H, and Supplemental Table 1). Together, these
results show that induction of the GD hematopoietic memory in
offspring requires the AGER/NLRP3 pathways and is associated
with sterile placental inflammation.

DNA methylation contributes to the maintenance of the GD
hematopoietic memory during adulthood. Next, we investigated the
mechanisms that support the persistence of the GD hematopoiet-
ic memory in adult offspring. Diabetes has been associated with
epigenetic changes (25). Particularly, hematopoietic alterations in
diabetic mice have been linked to alterations in the DNA methyla-
tion landscape and increased expression of DNA methyltransfer-
ase 1 (Dnmtl1) (26). In LSK cells, we confirmed a specific increase
of DNMT1 but not DNMT3a protein in adult diabetic Ins24¢** and
STZ-treated mice (Figure 6A). Interestingly, we found that LSK
cells from GD adult offspring show a similar increase of DNMT1
protein, even as the models do not display overt hyperglycemia.
Using reduced representation bisulfite sequencing (RRBS) anal-
ysis, we found that DNMT1 upregulation correlates with methy-
lome alterations in HSPCs of adult GD offspring. It particularly
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affected genes that respond to reactive oxygen/nitrogen species,
which are important features of diabetes (27), and gene pathways
previously found differentially methylated in cord blood cells
from diabetic pregnancy (e.g., cell-cell adhesion, MAPK signaling,
cytosolic transport) (28) (Supplemental Figure 6A and data not
shown). These results were reinforced by transposase-accessible
chromatin sequencing (ATAC-Seq) assay performed in LSK cells
isolated from adult Ctrl and GD offspring (Supplemental Figure
6, B-D). Despite some degree of variability between replicates,
differential analysis of the accessible sites showed differences
in the chromatin structure in Ctrl and GD LSK compartments.
Particularly, we observed a reduced accessibility in GD offspring
that affects genes involved in metabolism, oxidative stress, and
inflammation pathways. Although limited in scope, these anal-
yses are consistent with the idea of epigenetic alterations in GD
offspring. To assess the contribution of DNA methylation to the
GD hematopoietic memory, we used a low dose of the DNA meth-
yltransferase inhibitor 5-aza-2'-deoxycytidine (5-azadC) to reset
the methylome profile in GD offspring (29, 30) (Figure 6B). GD
WTST? offspring were analyzed immediately after treatment or
following a 2-week recovery period. We observed that 5-azadC
treatment affects BM cellularity without dramatically disturbing
the hematopoietic hierarchy assessed by flow cytometry (Figure
6C and Supplemental Figure 6E). Hematopoietic parameters
were normalized after the end of treatment (30). As expected,
DNMT1 and DNMT3a protein levels in HSPCs were reduced by
5-azadC treatment, but were restored following treatment cessa-
tion (Figure 6D). By assessing the BMDM function, we found that
hypomethylating treatment limits the loss of BMDM cellularity
following inflammatory activation, consistent with a loss of the
GD hematopoietic memory (Figure 6E). However, we found that
this effect was temporary, as the BMDM phenotype remerges after
treatment cessation (Figure 6E). Consistent with the idea of a GD
hematopoietic memory, these results show that offspring born to
diabetic pregnancy maintain into adulthood high expression of
DNMTI, a molecular feature associated with overt diabetes. In
addition, these results suggest that upregulation of DNMT1, and
the associated changes in DNA methylation, is one of the factors
supporting the GD memory in the hematopoietic system.

Discussion

Our results demonstrate the existence of a hematopoietic memory
associated with GD. It is tempting to speculate that this phenom-
enon is related to the hematopoietic memory recently established
in the context of an immune response (31). Referred to as trained
immunity, this concept proposes that the hematopoietic system
not only directly responds to inflammatory signals but also can
“remember” the inflammatory events, therefore heightening or
dampening the response to secondary challenges (32, 33). This
property, uncovered in short-lived innate immune cells, such as
monocytes and macrophages, was expanded to hematopoietic
progenitor cells (34, 35). Its persistence through BM transplan-
tation suggests that it originates in HSCs (36, 37). Consistent
with this finding, our work indicates that the HSC compartment
is altered by GD, as shown by the persistence of the GD pheno-
type for over an 8-week growth period, from the neonatal period
to adulthood. In adult GD offspring, we found an increased HSC
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Figure 5. AGER and NLRP3 function are necessary for the induction of the GD hematopoietic memory in offspring. (A) Schematic of the exper-
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tests (C) and 2-way ANOVA with Sidak’s post hoc test (E). *P < 0.05; ***P < 0.0005.

activation at steady state and a loss of fitness upon transplanta-
tion. We observed that the abnormal BMDM function in GD off-
spring could be maintained in the BM transplantation setting for
over a 6-month period. These results confirm that the hematopoi-
etic system, and particularly the HSC compartment, are reactive
to organismal metabolic stresses (17, 18, 38). They are also consis-
tent with recent findings showing that endogenous “sterile” sig-
nals associated with Western diet or hyperglycemia can induce a
memory in innate immune cells and their precursors (39-41).
Mechanistically, our work describes a scenario in which
GD-associated stress signals promote the induction of the hema-
topoietic memory through activation of the AGER pathway.
While AGER expression is low in most cell types in healthy con-
ditions, it is upregulated in several disease states, including dia-
betes (42). In adults, AGER signaling has been shown to promote
myelopoiesis in a hyperglycemic environment (43). AGER and
its ligands SI00A8/A9 also play a dominant role in myelopoiesis
in the context of intermittent glycemic fluctuation (44). During
pregnancy, AGER contributes to preeclampsia, preterm birth,
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and different congenital malformations associated with diabetic
pregnancy (21, 22). Our data indicate that the AGER pathway is
an essential upstream inducer of the GD hematopoietic memory.
AGER belongs to a class of pattern-recognition receptors that rec-
ognize broad common features. We notice that Toll-like receptors
(TLR4/TLR2), which share common ligands and signaling path-
ways with AGER, were not able to compensate for AGER defi-
ciency (45, 46). This specific requirement of AGER may rely on
specific ligands, which remain to be determined. It may also be
related to a specific pattern of expression. Differential dam/off-
spring loss-of-function experiments demonstrate that maternal
AGER s the contributor of this effect while fetal AGER is dispens-
able. This maternal specificity reveals the existence of secondary
signals able to promote hematopoietic alterations in offspring.
Consistent with this idea, we found that the maternal and fetal
NLPR3 inflammasome are required for the induction of the GD
hematopoietic memory. Although our results do not formally
link AGER and NLRP3 activity, our work indicates that these
signaling pathways affect the level of placental inflammation.
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We envision that the developmental window conducive to the
acquisition of the diabetic memory occurs in late gestation during
the HSC transition from a fetal to an adult identity, a stage that
has been shown to be sensitive to inflammatory signals (47). We
speculate that some of the mechanisms revealed in our study
could also contribute to the persistent immune alterations recent-
ly described in the context of infection occurring during preg-
nancy (48). Together, our results are consistent with the well-
established role of AGER and NLRP3 in controlling the physiolog-
ical and pathological inflammatory processes of pregnancy (23,
49). They are also in line with the hematopoietic impact of these
signaling pathways in situations of metabolic stress triggered by
either oxidized low-density lipoprotein or hyperglycemia (40, 41,
43). Finally, our results highlight that AGER-dependent “sterile”
inflammation processes occurring during pregnancy are not only
key determinants of the immediate pregnancy outcome, but also
affect the long-term health of the offspring (50).

Epigenetic alteration acquired in utero may constitute the link
between GD and its effects on the health of the adult offspring
(51). Human studies using placenta, umbilical cord, or adult
peripheral blood as well as skeletal muscle and adipose tissue
suggest persisting epigenetic alterations in the offspring, includ-
ing DNA methylation, histone modifications, and miRNA expres-
sion (28, 52-55). However, these studies in adults were limited
by the intrinsic diversity of the human populations, the multiple
confounding environmental factors affecting the epigenome, and
the difficulty in experimentally assessing the clinical relevance
of these alterations. Mouse models bypass these limitations and
therefore could be important tools for studying transgenerational
transmission (56, 57). While our results in mouse models correlate
DNMT1 upregulation with the persistence of a GD hematopoietic
memory during adulthood, the full impact of DNMT1 overexpres-
sion on the DNA methylation landscape and chromatin structure
in HSPCs remains to be elucidated. We found that treatment with
a DNA methyltransferase inhibitor disrupts the maintenance of
the hematopoietic memory. However, we notice that this pharma-
cological approach is temporary, as GD hematopoietic memory is
rapidly restored after treatment. This may be linked to the lim-
ited ability of the pharmacological approach to effectively target
and reprogram the immature HSCs that sustain this phenotype.
Alternatively, this may suggest the existence of other epigenetic
mechanisms able to restore increased DNMT1 expression and
contribute to the maintenance of GD hematopoietic memory.
As DNMT1 expression emerges as a marker of the impact of pre-
natal and adult glycemia on the hematopoietic system, a deeper
analysis of the regulation of the DnmtI locus in diabetes could
improve our understanding of the mechanisms controlling the
maintenance of the hematopoietic memory in offspring born to
diabetic pregnancy (26).

Our work shows that GD hematopoietic memory is associated
with the alteration of the hematopoietic response to acute inflam-
matory stress. In adult GD offspring, we observed a decrease in
production of inflammatory cytokine in response to LPS. Simi-
larly, BMDMs derived from GD offspring displayed an increased
susceptibility to inflammatory signals that led to a reduced cel-
lularity in culture. This inflammatory dampening contrasts with
the apparent contribution of the GD hematopoietic memory to
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the development of atherosclerosis in offspring. The connection
between these seemingly contradictory phenotypes remains to be
established. Previous studies showed that myeloid cells isolated
from diabetic patients and BMDMs cultured in diabetic conditions
display a heightened activation of the NLRP3 inflammasome (58,
59). Here, we show that the NLRP3 inflammasome is required for
the acquisition and/or the manifestation of the hematopoietic GD
memory in offspring. In this context, we speculate that the GD
hematopoietic response to acute inflammatory stimulation could
be linked to NLRP3 hyperactivation, leading to an inflammatory
form of cell death known as pyroptosis (60). Interestingly, pyro-
ptosis is a key promoter of the inflammatory phenotype fueling
the initiation and the progression of atherosclerosis (61). We pro-
pose that, in chronic atherogenic conditions, heightened NLRP3
activation in hematopoietic cells may promote the atherosclerosis
development associated with GD. Further studies are needed to
fully evaluate the status of the NLRP3 pathway in GD offspring
and test its contribution to the pathological consequences of GD
hematopoietic memory.

This work exemplifies how prenatal health can have broad
and lasting consequences on adult health. It particularly high-
lights the unappreciated contribution of the hematopoietic sys-
tem in the transgenerational transmission of cardiovascular
pathologies, such as atherosclerosis. By controlling the produc-
tion of immune cells, the hematopoietic system is at the center
of multiple pathological conditions and diseases. In this context,
our work suggests that the induction and the lasting maintenance
of a hematopoietic memory in offspring born to diabetic pregnan-
cy alter their inflammatory stress responses and contribute to the
development of chronic disease by creating vulnerability to life-
style and environmental factors.

Methods

Mice. Wild-type C57BL/6] (B6.SJL-Ptprca, strain 000664), Pepcb/
Boy] (strain 002014), Ins24%/J (strain 003548), Ager”~ (strain 032771),
Apoe” (strain 002052), and Nlrp37~ (strain 021302; gift from R. Marsh,
CCHMC) mice were purchased from The Jackson Laboratory. Depend-
ing on the experimental design, mice were maintained on a Ctrl diet
with 13 kcal% fat (5010; Lab Diets) or switched to HFD with 60 kcal%
fat (D12492; Research Diet Inc.). In the pharmacological model,
females were fasted for 6 hours before STZ treatment (60 mg/kg body
weight). Animal breeding was performed over the weekend, leading to
approximation of the gestational age of +1 day.

Reagents and resources. A list of reagents and resources is present-
ed in Supplemental Table 2.

Blood glucose measurement. Blood was sampled from the tail, and
blood glucose was measured using an Accu-Chek Performa Glucom-
eter. Nonfasting glucose was measured at fixed times between 10:00
am and 12:00 pm. For intraperitoneal ITT and oral GTT, adult off-
spring were fasted 6 and 12 hours, respectively, before receiving insu-
lin (0.5 U/kg body weight) by intraperitoneal injection or glucose (2 g/
kg body weight) per oral gavage. Blood glucose was measured before
treatment to determine fasting glucose levels and every 15 minutes
after insulin/glucose treatment.

In vivo treatment. BM from 8-week-old Ctrl and WTS™ offspring
along with diabetic Ins24%** males was analyzed by flow cytometry
3 days after intraperitoneal treatment by LPS (35 pg/mouse) or pIC
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(10 pg/g body weight). 5-azadC intraperitoneal injection (0.25 mg/
kg body weight) was performed 3 times a week (Monday, Wednesday,
Friday) starting at 5 weeks of age.

BM transplantation. For competitive BM transplantation assay, 250
FACS-purified HSCs (HSC-SLAM) were mixed with 3 x 10° unfraction-
ated whole BM cells from Pepcb/Boy] mice (CD45.1*) and retroorbital-
ly injected into lethally irradiated CD45.1* Pepcb/Boy] recipient mice
(11 Gy, delivered in split doses 3 hours apart). Hematopoietic reconsti-
tution was monitored by flow cytometry on peripheral blood collected
retroorbitally. HSPC donor chimerism was assessed in the BM by flow
cytometry 20 weeks after transplantation. For noncompetitive trans-
plantation, 5 x 10¢ whole BM cells were retroorbitally transplanted into
lethally irradiated CD45.1* Pepcb/Boy] or Apoe”” recipients.

Flow cytometry. BM preparation and cell-surface staining were
performed as described previously (16). In brief, BM cells were isolat-
ed by crushing long bones and hips, treated with red blood cell lysis
buffer (150 mM NH,CLand 10 mM KHCOS), and washed with staining
media (SM) (HBSS with % fetal bovine serum); 8 x 10 unfractionated
BM cells were stained for flow cytometry analysis. For sorting analy-
sis, pools of unfractionated BM cells were purified by Ficoll separation
(Histopaque-11191, MilliporeSigma 11191), then enriched for c-Kit*
cells using magnetic beads/autoMACS separation (Miltenyi Biotec).
BM cells were stained with unconjugated rat lineage-specific antibod-
ies (Ter119, Macl, Gr-1, B220, CD5, CD3, CD4, CD8) or biotinylated
lineage-specific antibodies (Gr-1, Mac-1, B220, Ter119, and CD3e),
followed by staining with goat anti-rat PE-Cy5 secondary antibodies
or streptavidin-eFluor 6450 secondary antibodies, respectively. Cells
were then stained using c-Kit-APC-eFluor 780, Sca-1-PB, CD48-
BV711 or CD48-PerCP-Cy5.5, CD150-PE or CD150-BV650, Flt3-bi-
otin or FIt3-PE, CD62L-BV510, FcgR-BV510 or FcgR-PerCP-eFluor
710, CD34-FITC, EPCR-PerCP-eFluor 710, CD41-BV605, CD105-
APC, and CD127-BV785 antibodies. Secondary staining was per-
formed with streptavidin-BV711/ streptavidin-PE-Cy7. The Zombie
NIR Fixable Viability Kit (BioLegend) was used for dead cell exclu-
sion. For Hoechst 33342/Ki67 staining, surface-stained cells were
fixed and permeabilized using a Cytofix/Cytoperm kit (BD) before
staining with a PE-conjugated anti-Ki67 antibody and Hoechst 33342
(5 pg/ml). Flow cytometry reagents are presented in Supplemental
Table 3. Cell sorting was performed on a FACSAria II (BD Bioscienc-
es). Analyses were performed on a 5 laser (16 ultraviolet [355 nm]
channels, 16 violet [405 nm] channels, 14 blue [488 nm] channels,
10 yellow-green [561 nm] channels, 8 red [635 nm] channels) Aurora
Spectral Flow Cytometer (Cytek Biosciences). Data analysis was per-
formed using FlowJo (BD Biosciences) software.

Tissue preparation for histology and flow cytometry. Hearts were
removed, fixed in 10% buffered formalin, treated on sucrose gra-
dient, and embedded in OCT before being serially sectioned and
stained with H&E dyes. Aortic valves were evaluated and graded by
one investigator blinded to the study protocol. Prior to aorta harvest,
hearts were perfused with 10 mL of PBS to limit blood contamination.
Isolated aortas were mechanically dissociated before being incubat-
ed in an enzyme cocktail (450 U/mL collagenase type I, 125 U/mL
collagenase type XI, 60 U/mL hyaluronidase type I-S, and 60 U/mL
DNase I grade II) at 37°C for 50 minutes (62). Single-cell suspen-
sions were filtered through a 70 pm filter and stained for flow cytom-
etry analysis. For placenta studies, placentas were harvested from
dams at gestation days 17-18 and mechanically dissociated for 1 to 2
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minutes in 1 mL of cold StemPro Accutase Enzymatic Solution before
incubation at 37°C for 35 minutes (63). After filtration through a 70
um strainer and treatment with red blood cell lysis buffer, cells were
washed and stained for flow cytometry.

Confocal immunofluorescence microscopy. From 500 to 1,000
HSCs were directly sorted on Polysine Microscope Slides (Thermo
Fisher Scientific, P4981-001). Cells were allowed to adhere to the
glass slide for 10 minutes, fixed using 4% paraformaldehyde (BD
Cytofix, 554655) for 15 minutes, and permeabilized with 0.2% Triton
X-100 (Sigma-Aldrich, T9284) for 20 minutes at room temperature.
After blocking with 10% donkey serum (Sigma-Aldrich, D9663) for 20
minutes, slides were successively stained with anti-FOXO3 (EMD Mil-
lipore, 07-1719, dilution: 1/200) and Alexa Fluor 568-conjugated goat
anti-rabbit (Thermo Fisher Scientific, A11011, dilution: 1/500) IgG
(H+L) antibodies. After wash, slides were mounted using Gold Anti-
fade Mounting Media with DAPI (Invitrogen, 536939) and analyzed
with a LSM 710 confocal microscope system equipped with an invert-
ed microscope (Observer Z1, Zeiss) using x60 magnification at 1.2 AU
pinhole 564 to give an optical section thickness of 0.39 um images.
Image analyses were performed using Imaris (Oxford Instrument,
version 9.5) and NIS-elements (Nikon, version 5.20.02) software.

BMDMs. One million whole BM cells were plated on a 24-well plate
in complete DMEM media (supplemented with 10% FBS, 1% penicil-
lin/streptomycin in the presence of recombinant mouse macrophage
colony-stimulating factor [M-CSF]; 20 ng/mL, BioLegend). After
6 days in culture, BMDMs were activated with recombinant murine
IFN-y, (20 ng/mL) and 20 ng/mL LPS (20 ng/mL) or media-only Ctrl.
Cell numbers were determined 3 hours and 24 hours after activation
using a hematocytometer and trypan blue for dead cell exclusion.

Immunoblot analysis. FACS-sorted LSK (5 x 10*) or AutoMACS-
enriched c-Kit* cells (2 x 10%) were used for immunoblotting analyses.
Whole-cell lysates were prepared in 1x RIPA lysis buffer containing
protease and phosphatase inhibitor cocktails. Cell lysates were resus-
pended in Laemmli buffer, boiled for denaturation, electrophoresed
through 4%-15% SDS-PAGE gradient gel, and transfered to a PVDF
membrane. Western blot analysis was performed with anti-DN-
MT1, anti-DNMT3A, and anti-ACTB antibodies and revealed with
anti-mouse or anti-rabbit IgG secondary antibodies tagged with
horseradish peroxidase (HRP).

gRT-PCR analysis. Quantitative reverse-transcription PCR (qQRT-
PCR) was performed using total RNA isolated from approximately
1 x 10° cells. RNA was treated with DNase I and reverse transcribed
using the SuperScript III Kit and random hexamers (Invitrogen). The
cDNA equivalent of 200 cells per reaction was analyzed in triplicate
ona7900 HT Fast Real-Time PCR System (Applied Biosystems) using
SYBR green reagents (Applied Biosystems) and gene-specific primers.

DNA methylation analysis. LSK cells were isolated by FACS, and
DNA was extracted using the QIAamp DNA Mini Kit (QIAGEN) per
the manufacturer’s instructions. Sequencing was performed at the
CCHMC DNA Sequencing and Genotyping Core, with subsequent
bioinformatics analyses performed by the CCHMC Bioinformatics
Collaborative Services. Briefly, 60 ng of genomic DNA was bisulfite
converted with the EZ DNA Methylation Kit (Zymo Research). Librar-
ies were sequenced on the Illumina NovaSeq 6000 with 100 bp paired
end reads and a depth of at least 30 million reads per sample. Reads
were aligned to the mm10 reference genome by Bismark(version
0.18.2). CpG methylation calls were extracted from the alignment

+



] -

RESEARCH ARTICLE

using the Bismark Methylation Extractor. MethylKit, version 1.12.0, in
R, version 3.6.1, was used for methylation analysis. CpG sites covered
in all samples of each group were considered for the downstream anal-
ysis. Methylation information was summarized over a tiling window
0f1,000 bp in length across the whole genome. Differentially methyl-
ated regions (DMRs) with a percentage methylation difference larger
than 0% and a g value of less than 0.25 were identified using the y?
with overdispersion correction. DMRs were annotated using the geno-
mation, version 1.18.0, and GenomicRanges, version 1.38.0, packages
in R, version 3.6.1. DMRs in promoter, exonic, and intronic regions
were subjected to Gene Set Enrichment Analysis (GSEA) using GSEA,
version 3.0., for genes with multiple DMRs. The DMR with the high-
est percentage of methylation change was selected for GSEA analysis.
Percentages of methylation change values for genes were used as a
rank score to run the GSEAPreranked module in GSEA.

ATAC-Seq analysis. ATAC-Seq assays were performed as pre-
viously described on isolated nuclei from 50,000 sorted LSK cells
(64). After the nuclei preparation, the transposase reaction was per-
formed for 60 minutes at 37°C. The transposed DNA was purified
using a QIAGEN MinElute Kit, and library fragments were amplified
using 1x NEBNext PCR Master Mix. The libraries were purified with
the SPRI Beads Double Size Selection (0.4/1.2x) (Beckman Coulter)
and then sequenced on the Illumina NovaSeq X Plus with PE150,
aiming at greater than 120M read pairs per sample. ATAC-Seq reads
in the FASTQ format were subjected to quality control using FastQC,
version 0.11.7, Trim Galore!, version 0.4.2, and cutadapt, version
1.9.1. The trimmed reads were aligned to the reference mouse
genome version GRCh38/mm10 using Bowtie2, version 2.3.4.1, with
parameters “--very-sensitive-local -X 2000”. Aligned reads were
stripped of duplicate reads using sambamba, version 0.6.8. Peaks
were called with MACS2, version 2.1.2, using the parameters “-g mm
-p 0.01--shift -75 --extsize 150 --nomodel -B --SPMR --keep-dup all
--call-summits”. Consensus peaks among all samples were obtained
in 2 steps by selecting called peaks present in at least 75% of the bio-
logical replicates and by merging selected peaks at 50 % overlap using
BEDtools, version 2.27.0. The resulting sets of peaks were convert-
ed from BED format to a gene transfer format (GTF) to enable fast
counting of reads under the peaks with the program featureCounts,
version 1.6.2 (Rsubread package) (Bioconductor). Differential open
chromatin regions (DOCs) between groups of samples were assessed
with the R package DESeq2, version 1.26.0. Peaks were associated to
nearest or overlapping gene and genomic features. GSEA was carried
out using the GSEAPreranked script and hallmark gene sets.

RNA-Seq analysis. Ctrl, WTS™, and Nlpr35™ placenta were dis-
sected at G17 and placental CD45" cells isolated by FACS sorting.
Total RNA was purified using a RNeasy Micro Kit Column System
(QIAGEN). RNA quality was controlled using an Agilent Bioanalyz-
er before processing for retrotranscription, linear amplification, and
cDNA library generation. The whole transcriptome was amplified
using the SMARTer Ultra Low RNA Kit for Illumina Sequencing (Clon-
tech). cDNA libraries were prepared using Nextera XT DNA Sample
Preparation Reagents. Fragmented and tagged libraries were pooled
and were sequenced on an Illumina NovaSeq 6000 platform using
a paired end 150 bp sequencing strategy. RNA-Seq reads in FASTQ
format were subjected to quality control using FastQC, version 0.11.7,
Trim Galore!, version 0.4.2, and cutadapt, version 1.9.1. The trimmed
reads were aligned to the reference mouse genome, version mm10,
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with the program STAR, version 2.6.1e, and stripped of duplicate reads
with the program sambamba, version 0.6.8 (5). Gene-level expression
was assessed by counting features for each gene, as defined in the
NCBI’s RefSeq database. Read counting was done with the program
featureCounts, version 1.6.2, from the R subread package. Raw counts
were normalized as transcripts per million (TPM). Differential gene
expressions between groups of samples were assessed with the R pack-
age DESeq2, version 1.26.0. Gene list and log, fold change were used
for GSEA analysis using the Gene Ontology (GO) pathway data set.

Multiplex cytokine analysis. The concentration of cytokines was
measured in duplicate in serum isolated from LPS-treated adult Ctrl
and GD WTS™ offspring using the Mouse High Sensitivity T-Cell
18-plex Discovery Assay (Eve Technologies, MDHSTC18).

Statistics. All results are expressed as means, with error bars
reflecting SD. Statistical analyses were performed using GraphPad
Prism, version 9. Ordinal variables (atherosclerosis grade) were ana-
lyzed using the y? test for trend. Differences between 2 groups were
assessed using unpaired, 2-tailed Student’s ¢ test. Data involving more
than 2 groups were assessed by 1- or 2-way ANOVA with Tukey’s or
Sidék’s post hoc test. P < 0.05 was considered significant.

Study approval. Mice were bred and housed in the AAALAC-ac-
credited animal facility of CCHMC. All animal experiments were
approved by the CCHMC IACUC.

Data availability. Next-generation sequencing data are avail-
able at the NCBI's Gene Expression Omnibus database (GEO
GSE244698). Values for all data points in graphs are reported in the
Supporting Data Values file.

Author contributions

VG performed and analyzed all the experiments with the help of
SG, AA, and M Solomon. M Sakabe and NC performed all cardiac
histopathology preparations, which were independently evaluated
by AK. XZ and HLG provided expertise for ATAC-Seq analysis. AK
and MX provided expertise and critical insights for the develop-
ment of the project and manuscript. VG and DR designed, inter-
preted, and analyzed the studies and wrote the manuscript.

Acknowledgments

This work was supported by NIH grants RO1HL141418 and
RO1DK133145 (to DR), RO1DK121062 (to HLG), and RO1HL132211
and American Heart Association grant 23TPA1070041 (to MX).
This work benefitted from funding from the Cooperative Center
for Excellence in Hematology (award number U54DK126108). We
acknowledge the assistance of the CCHMC Comprehensive Mouse
and Cancer Core, Pathology Research Core, Research Flow Cytom-
etry Core (supported by an NIH S100D025045 grant), Single Cell
Genomics Core, DNA Sequencing and Genotyping Core, and Bio-
informatics Collaborative Services. We particularly acknowledge
the assistance of Aditi Paranjpe for the bioinformatics analyses. The
author would like to thank Jose Cancelas, Jane C. Khoury, and Kath-
erine Bowers (CCHMC) for their support and insights on the project.

Address correspondence to: Damien Reynaud, Cincinnati Chil-
dren’s Hospital Medical Center, Division of Experimental Hema-
tology and Cancer Biology, 3333 Burnet Avenue, MLC 7013, Room
§7.603, Cincinnati, Ohio 45229, USA. Phone: 513.803.4498;
Email: Damien.Reynaud@cchmec.org.

J Clin Invest. 2024;134(2):e169730 https://doi.org/10.1172/JC1169730



The Journal of Clinical Investigation

1. Wang H, et al. IDF diabetes atlas: estimation of
global and regional gestational diabetes mellitus
prevalence for 2021 by International Association
of Diabetes in Pregnancy Study Group’s Criteria.
Diabetes Res Clin Pract. 2022;183:109050.

2. Johns EC, et al. Gestational diabetes mellitus:

mechanisms, treatment, and complications.
Trends Endocrinol Metab. 2018;29(11):743-754.
Ali DS, et al. Pre-gestational diabetes

and pregnancy outcomes. Diabetes Ther.
2020;11(12):2873-2885.

w

4. Crowther CA, et al. Effect of treatment of gesta-

tional diabetes mellitus on pregnancy outcomes.
N Engl ] Med. 2005;352(24):2477-2486.
. Perng W, et al. In utero exposure to gestational

U1

diabetes mellitus and cardiovascular risk factors
in youth: A longitudinal analysis in the EPOCH
cohort. Pediatr Obes. 2020;15(5):€12611.

6. Perng W, et al. A prospective study of associa-

tions between in utero exposure to gestational
diabetes mellitus and metabolomic profiles
during late childhood and adolescence. Diabeto-
logia. 2020;63(2):296-312.

Grunnet LG, et al. Adiposity, dysmetabolic

~

traits, and earlier onset of female puberty in
adolescent offspring of women with gestational
diabetes mellitus: a clinical study within the
danish national birth cohort. Diabetes Care.
2017;40(12):1746-1755.

8. Yuy, et al. Maternal diabetes during pregnancy

0

10.

1

and early onset of cardiovascular disease in off-
spring: population based cohort study with 40
years of follow-up. BMJ. 2019;367:16398.
Sundholm JKM, et al. Maternal obesity and
gestational diabetes: Impact on arterial wall
layer thickness and stiffness in early childhood -
RADIEL study six-year follow-up. Atherosclerosis.
2019;284:237.
Ron D. Proteotoxicity in the endoplasmic retic-
ulum: lessons from the Akita diabetic mouse. J
Clin Invest. 2002;109(4):443-445.
1. Li HY, et al. A mouse model of gestation-specific
transient hyperglycemia for translational studies.
] Endocrinol. 2020;244(3):501-510.

12. Linton MF, et al. Prevention of atheroscle-

rosis in apolipoprotein E-deficient mice
by bone marrow transplantation. Science.
1995;267(5200):1034-1037.

13. Van Eck M, et al. Bone marrow transplantation in

apolipoprotein E-deficient mice. Effect of ApoE
gene dosage on serum lipid concentrations, (beta)
VLDL catabolism, and atherosclerosis. Arterio-
scler Thromb Vasc Biol. 1997;17(11):3117-3126.

14. Murphy AJ, et al. ApoE regulates hematopoietic

1

w

stem cell proliferation, monocytosis, and mono-
cyte accumulation in atherosclerotic lesions in
mice. J Clin Invest. 2011;121(10):4138-4149.

. Swirski FK, et al. Ly-6Chi monocytes dominate
hypercholesterolemia-associated monocytosis
and give rise to macrophages in atheromata. J
Clin Invest. 2007;117(1):195-205.

16. Solomon M, et al. Phenotypic analysis of

1

the mouse hematopoietic hierarchy using
spectral cytometry: from stem cell subsets to
early progenitor compartments. Cytometry A.
2020;97(10):1057-1065.

. Govindarajah V, et al. FOXO activity adapta-
tion safeguards the hematopoietic stem cell

~

J Clin Invest. 2024;134(2):e169730 https://doi.org/10.1172/)C1169730

18.

1

20.

2

—-

22.

23.

24.

25.

26.

27.

2

<]

29.

©

compartment in hyperglycemia. Blood Adv.
2020;4(21):5512-5526.

Lee JM, et al. Obesity alters the long-term fitness
of the hematopoietic stem cell compartment
through modulation of Gfil expression. ] Exp
Med. 2018;215(2):627-644.

Zindel ], Kubes P. DAMPs, PAMPs, and LAMPs
in immunity and sterile inflammation. Annu Rev
Pathol. 2020;15:493-518.

Fritz G. RAGE: a single receptor fits multiple
ligands. Trends Biochem Sci. 2011;36(12):625-632.

. Ejdesjo A, et al. Receptor for advanced glycation

end products (RAGE) knockout reduces fetal
dysmorphogenesis in murine diabetic pregnancy.
Reprod Toxicol. 2016;62:62-70.

LiS, Yang H. Relationship between advanced
glycation end products and gestational dia-

betes mellitus. ] Matern Fetal Neonatal Med.
2019;32(17):2783-2789.

Gomez-Lopez N, et al. Inflammasomes: their role
innormal and complicated pregnancies. J Immu-
nol. 2019;203(11):2757-2769.

Shirasuna K, et al. Role of the NLRP3 inflam-
masome in preeclampsia. Front Endocrinol (Laus-
anne).2020;11:80.

Shiau §, et al. Prenatal gestational diabetes mel-
litus exposure and accelerated offspring DNA
methylation age in early childhood. Epigenetics.
2021;16(2):186-195.

Yan J, et al. Diabetes impairs wound healing by
Dnmtl-dependent dysregulation of hematopoi-
etic stem cells differentiation towards macro-
phages. Nat Commun. 2018;9(1):33.

Bashan N, et al. Positive and negative regulation
of insulin signaling by reactive oxygen and nitro-
gen species. Physiol Rev. 2009;89(1):27-71.

. Finer S, et al. Maternal gestational diabetes is

associated with genome-wide DNA methylation
variation in placenta and cord blood of exposed
offspring. Hum Mol Genet. 2015;24(11):3021-3029.
Cao Q, et al. Inhibiting DNA Methylation by
5-Aza-2’-deoxycytidine ameliorates atheroscle-
rosis through suppressing macrophage inflam-
mation. Endocrinology. 2014;155(12):4925-4938.

30. Wang X, et al. Epigenetic regulation of mac-

3

—_

32.

33.

34.

35.

36.

37.

rophage polarization and inflammation by
DNA methylation in obesity. JCI Insight.
2016;1(19):e87748.

. Netea MG, et al. Trained immunity: a memo-

ry for innate host defense. Cell Host Microbe.
2011;9(5):355-361.

Kaufmann E, et al. BCG educates hematopoietic
stem cells to generate protective innate immunity
against tuberculosis. Cell. 2018;172(1-2):176-190.
Mitroulis I, et al. Modulation of myelopoiesis
progenitors is an integral component of trained
immunity. Cell. 2018;172(1-2):147-161.

de Laval B, et al. C/EBPp-dependent epigenetic
memory induces trained immunity in hematopoi-
etic stem cells. Cell Stem Cell. 2020;26(5):657-674.
Khan N, et al. M. Tuberculosis reprograms hemato-
poietic stem cells to limit myelopoiesis and impair
trained immunity. Cell. 2020;183(3):752-770.
Chen L, Ozato K. Innate immune memory in
hematopoietic stem/progenitor cells: myeloid-bi-
ased differentiation and the role of interferon.
Front Immunol. 2021;12:621333.

Govindarajah V, Reynaud D. Role of the hema-

38.

39.

40.

4

jury

N

4.

4

w

44.

4

46.

4

48.

49.

50.

5

—

5

N

5

54.

o

3

w

RESEARCH ARTICLE

topoietic stem cells in immunological memory.
Curr Stem Cell Rep. 2022;8(1):35-43.

Benova A, Tencerova M. Obesity-induced chang-
es in bone marrow homeostasis. Front Endocrinol
(Lausanne). 2020;11:294.

Bekkering S, et al. Oxidized low-density lipo-
protein induces long-term proinflammatory
cytokine production and foam cell formation via
epigenetic reprogramming of monocytes. Arte-
rioscler Thromb Vasc Biol. 2014;34(8):1731-1738.
Christ A, et al. Western diet triggers NLRP3-de-
pendent innate immune reprogramming. Cell.
2018;172(1-2):162-175.

. Edgar L, et al. Hyperglycaemia induces trained

immunity in macrophages and their precursors
and promotes atherosclerosis. Circulation.
2021;144(12):961-982.

. Oczypok EA, et al. All the “RAGE” in lung

disease: The receptor for advanced glycation
endproducts (RAGE) is a major mediator of pul-
monary inflammatory responses. Paediatr Respir
Rev. 2017;23:40-49.

. Nagareddy PR, et al. Hyperglycemia promotes

myelopoiesis and impairs the resolution of ath-
erosclerosis. Cell Metab. 2013;17(5):695-708.
Flynn MC, et al. Transient intermittent hypergly-
cemia accelerates atherosclerosis by promoting
myelopoiesis. Circ Res. 2020;127(7):877-892.
Ibrahim ZA, et al. RAGE and TLRs: rela-

tives, friends or neighbours? Mol Immunol.
2013;56(4):739-744.

Prantner D, et al. The role of RAGE in host
pathology and crosstalk between RAGE and
TLR4 in innate immune signal transduction
pathways. FASEB J. 2020;34(12):15659-15674.
LiY, et al. Single-cell analysis of neonatal HSC
ontogeny reveals gradual and uncoordinated
transcriptional reprogramming that begins
before birth. Cell Stem Cell. 2020;27(5):732-747.
Lopez DA, et al. Prenatal inflammation perturbs
murine fetal hematopoietic development and
causes persistent changes to postnatal immunity.
Cell Rep.2022;41(8):111677.

Guedes-Martins L, et al. AGEs, contributors to
placental bed vascular changes leading to pre-
eclampsia. Free Radic Res. 2013;47 Suppl 1:70-80.
Nadeau-Vallée M, et al. Sterile inflammation and
pregnancy complications: a review. Reproduction.
2016;152(6):R277-R292.

. Hjort L, et al. Diabetes in pregnancy and epigene-

tic mechanisms-how the first 9 months from con-
ception might affect the child’s epigenome and
later risk of disease. Lancet Diabetes Endocrinol.
2019;7(10):796-806.

. Hjort L, et al. Gestational diabetes and maternal

obesity are associated with epigenome-wide
methylation changes in children. JCI Insight.
2018;3(17):€122572.

Kelstrup L, et al. Gene expression and DNA meth-
ylation of PPARGCIA in muscle and adipose tis-
sue from adult offspring of women with diabetes
in pregnancy. Diabetes. 2016;65(10):2900-2910.
Quilter CR, et al. Impact on offspring methyla-
tion patterns of maternal gestational diabetes
mellitus and intrauterine growth restraint
suggest common genes and pathways linked

to subsequent type 2 diabetes risk. FASEBJ.
2014;28(11):4868-4879.

13




RESEARCH ARTICLE The Journal of Clinical Investigation

55. Ruchat SM, et al. Gestational diabetes mellitus PLoS One. 2012;7(11):€50210. progression of atherosclerosis. Front Pharmacol.
epigenetically affects genes predominantly 58. Lee HM, et al. Upregulated NLRP3 inflam- 2021;12:652963.
involved in metabolic diseases. Epigenetics. masome activation in patients with type 2 diabe- 62. Cole JE, et al. Immune cell census in murine ath-
2013;8(9):935-943. tes. Diabetes. 2013;62(1):194-204. erosclerosis: cytometry by time of flight illumi-
56. Ding GL, et al. Transgenerational glucose intol- 59. Sharma A, et al. Specific NLRP3 inhibition pro- nates vascular myeloid cell diversity. Cardiovasc
erance with Igf2/H19 epigenetic alterations in tects against diabetes-associated atherosclerosis. Res. 2018;114(10):1360-1371.
mouse islet induced by intrauterine hyperglyce- Diabetes. 2021;70(3):772-787. 63. Arenas-Hernandez M, et al. Isolation of leuko-
mia. Diabetes. 2012;61(5):1133-1142. 60. Kesavardhana S, et al. Caspases in cell death, cytes from the murine tissues at the maternal-fe-
57. Grasemann C, et al. Parental diabetes: the Akita inflammation, and pyroptosis. Annu Rev Immu- tal interface. J Vis Exp. 2015(99):¢52866.
mouse as a model of the effects of maternal and nol. 2020;38:567-595. 64. Grandi FC, et al. Chromatin accessibility profiling
paternal hyperglycemia in wildtype offspring. 61. Qian Z, et al. Pyroptosis in the initiation and by ATAC-seq. Nat Protoc. 2022;17(6):1518-1552.

14 J Clin Invest. 2024;134(2):e169730 https://doi.org/10.1172/JC1169730



	Graphical abstract

