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Hematopoietic stem cells (HSCs) mature from pre-HSCs that originate in the major arteries of the embryo. To identify HSCs
from in vitro sources, it will be necessary to refine markers of HSCs matured ex vivo. We purified and compared the transcrip-
tomes of pre-HSCs, HSCs matured ex vivo, and fetal liver HSCs. We found that HSC maturation in vivo or ex vivo is accompa-
nied by the down-regulation of genes involved in embryonic development and vasculogenesis, and up-regulation of genes
involved in hematopoietic organ development, lymphoid development, and immune responses. Ex vivo matured HSCs more
closely resemble fetal liver HSCs than pre-HSCs, but are not their molecular equivalents. We show that ex vivo-matured and
fetal liver HSCs express programmed death ligand 1 (PD-L1). PD-L1 does not mark all pre-HSCs, but cell surface PD-L1 was
present on HSCs matured ex vivo. PD-L1 signaling is not required for engraftment of embryonic HSCs. Hence, up-regulation
of PD-L1 is a correlate of, but not a requirement for, HSC maturation.

INTRODUCTION

Hematopoietic stem cells (HSCs) and earlier populations of
committed hematopoietic progenitors are formed during
embryogenesis from specialized endothelial cells called he-
mogenic endothelium (Zovein et al., 2008; Chen et al., 2009;
Eilken et al., 2009; Lancrin et al., 2009; Bertrand et al., 2010;
Boisset et al., 2010; Kissa and Herbomel, 2010). During differ-
entiation from hemogenic endothelium, hematopoietic stem
and progenitor cells (HSPCs) accumulate within clusters of
vascular-endothelial cadherin—positive (VEC") CD31'Kit"
cells in the aorta/gonad/mesonephros (AGM) region, um-
bilical and vitelline arteries, and yolk sac (Taoudi et al., 2008;
Yokomizo and Dzierzak, 2010; Frame et al.,2016).The peak of
cluster formation is at embryonic day (E) 10.5 in the mouse
embryo, at which time there are hundreds of cluster cells in
the AGM region (Yokomizo and Dzierzak, 2010), but only
0.03 functional HSCs (Miiller et al., 1994; Yokomizo and
Dzierzak, 2010). Between E11.5 and E12.5, the number of
HSCs expands from one to three in the AGM region, and to
~50-100 in the fetal liver (FL; Kumaravelu et al., 2002; Gekas
et al., 2005). Most of this expansion is from the maturation
of pre-HSCs into functional HSCs in the FL (Taoudi et al.,
2008; Kieusseian et al., 2012). Indeed, quantitation of HSCs

Dr. Maijenburg died on November 7, 2017.
*J. Tober and M.M.W. Maijenburg contributed equally to this paper.

Correspondence to Kai Tan: tank1@email.chop.edu; Nancy A. Speck: nancyas@mail.
med.upenn.edu

L))

Check for
updates

The Rockefeller University Press
J. Exp. Med. 2018 Vol. 215 No. 2 645-659
https://doi.org/10.1084/jem.20161594

and pre-HSCs revealed that the number of HSCs in the
E12.5 FL correlated with the number of pre-HSCs present 1
d earlier in the AGM region, umbilical, and vitelline arteries
(AUV; Rybtsov et al., 2016).

Pre-HSC to HSC maturation can be replicated ex vivo
by culturing AGM regions as explants for several days (Med-
vinsky and Dzierzak, 1996; Taoudi et al., 2008). Pre-HSC to
HSC maturation can also be achieved by culturing disaggre-
gated cells from the AGM region as reaggregates with OP9
stromal cells, on monolayers of endothelial cells expressing
an activated form of Akt (Akt-EC), or on OP9 stromal cells
expressing the Notch ligand delta-like 1 (Taoudi et al., 2008;
Rybtsov et al., 2011, 2014; Hadland et al., 2015; Zhou et al.,
2016).The last three procedures allow for the purification of
specific populations of cells from the AGM region to deter-
mine which cell surface markers are expressed on pre-HSCs.
Using this approach, Rybtsov et al. (2011) identified two pop-
ulations of pre-HSCs based on expression of VEC and CD45.
The first pre-HSCs detected at E10.5 were VEC'CD45~
(type I pre-HSCs; Rybtsov et al., 2011). At E11.5, in addition
to type I pre-HSCs, a second type of pre-HSC (type II) ap-
pears that is VEC*CD45". Both type I and type II pre-HSCs
are Kit" (Taoudi et al.,2008; Rybtsov et al.,2011,2014). More
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recently, it was shown that both type I and type II pre-HSCs
are CD201" and type II pre-HSCs are CD27" (Zhou et al.,
2016; Li et al., 2017). The first HSCs to emerge in the em-
bryo, as assayed by directly transplanting AGM regions, share
a type Il VEC'CD45°CD27" pre-HSC immunophenotype
(North et al., 2002; Taoudi et al., 2005; Li et al., 2017).
Protocols to produce HSCs ex vivo require generating
pre-HSCs from hemogenic endothelium, and then matur-
ing pre-HSCs into HSCs. Here we examined the molecular
changes accompanying the process of pre-HSC to HSC mat-
uration in vivo and ex vivo. We identified the immune check-
point molecule programmed death ligand 1 (PD-L1) as a new
marker for HSCs that have recently matured from pre-HSCs.

RESULTS

Purification of pre-HSCs

We determined whether type I and type II pre-HSCs
could be enriched using GFP expressed from a Ly6a:GFP
transgene, which marks ~20% of hematopoietic cluster
cells and all HSCs in the AUV (de Bruijn et al., 2002; L1
et al., 2014). We sorted type I (VEC'CD457) and type II
(VEC'CD45") pre-HSCs from the AUV of E11.5 Ly6a
:GFP transgenic embryos and fractionated them based on
Ly6a:GFP expression (Fig. 1, A and B). Ly6a:GFP" cells
represented 20% of the VEC"CD45" population and 30% of
the VEC*CD45™ population (Fig. 1 C).The four populations
were reaggregated with OP9 stromal cells and cultured as
explants for 4 d, then dissociated and transplanted into lethally
irradiated adult recipient mice. Only OP9 reaggregate cultures
established with Ly6a:GFP™ fractions of VEC'CD45" and
VEC*CD45™ cells contained long-term repopulating HSCs
(Fig. 1 D). The donor cells contributed to both lymphoid and
myeloid lineage cells and phenotypic long-term repopulating
HSCs (CD150"CD48" lineage-negative, Scal*Kit™ [LSK])
in the bone marrow (BM), and donor HSCs from the
primary transplant recipient successfully engrafted secondary
recipients (not depicted). Therefore, all type I and type II
pre-HSCs at E11.5 are Ly6a:GFP™.

We next examined whether Ly6a:GFP expression could
be used to isolate pre-HSCs before E11.5. It was shown
that Ly6a:GFP expression does not faithfully mark E10.0-
E10.5 pre-HSCs when assayed by direct transplantation into
neonatal recipients (Boisset et al., 2015). We assessed whether
the same was true for pre-HSCs matured ex vivo. To mature
E10.0-E10.5 pre-HSCs, we switched to a more eflicient
system than reaggregate cultures that involves coculturing
with AGM-derived endothelial cells that are infected with a
lentivirus expressing myristoylated Akt (Akt-EC; Kobayashi
et al., 2010; Hadland et al., 2015). We first examined whether
coculturing pre-HSCs isolated from E11.5 embryos on
Akt-ECs yielded similar results as reaggregation explants. The
Ly6a:GFP™ fractions of both VEC"CD45~ and VEC'CD45"
pre-HSC populations from E11.5 embryos cultured on
Akt-EC contained all the pre-HSC activity (Fig. 1 E),
identical to the result obtained using OP9 reaggregation
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explants (Fig. 1 D), although engraftment by HSCs matured
on Akt-ECs was more robust. At E10.0 (30—35 somite pairs),
all pre-HSCs were in the VEC'CD45 population (type
I), as reported previously (Rybtsov et al., 2011). However,
unlike at E11.5, when all pre-HSCs are Ly6a:GFP", at E10.0,
pre-HSCs were split between the Ly6a:GFP" and Ly6a:GFP~
fractions (Fig. 1 G).At E10.5 (34—38 somite pairs), pre-HSCs
were in both the VEC*CD45~ and VEC"CD45" populations,
and were enriched in, although did not exclusively segregate
to, the Ly6a:GFP" fractions (Fig. 1 H). Therefore, Ly6a:GFP
expression enriches for pre-HSCs beginning at E10.5, and
marks all pre-HSCs at E11.5.

Explant HSCs are in the CD48~ LSK population

To study the molecular changes that take place as pre-HSCs
mature into HSCs ex vivo, we refined the cell surface phe-
notype of HSCs matured from pre-HSCs in explant cultures
(HSC ex vivo, referred to here as HSC™). Long-term repop-
ulating HSCs from the FL and BM are highly enriched in the
CD150"CD48~ LSK population, whereas functional HSCs
in the E11.5 AUV are CD150"CD48 Scal*"Kit" (Sanchez
et al., 1996; de Bruijn et al., 2002; North et al., 2002; Kiel et
al., 2005; Kim et al., 2006; McKinney-Freeman et al., 2009).
To determine whether CD150 expression marks HSC®,
we explanted AUVs from E11.5 WT embryos, fractionated
CD45" LSK cells into four populations based on CD150 and
CD48 expression, and transplanted the cells into lethally ir-
radiated recipients (Fig. 2). CD150"CD48" cells contributed
to peripheral blood (PB) B and T cells, but robust multilin-
eage engraftment was observed only in animals transplanted
with CD48~ LSK cells (Fig. 2 C). Both the CD150" and
CD150™ fractions of CD48™ LSK cells engrafted, with signifi-
cantly higher levels of donor contribution obtained with the
CD150"CD487LSK population. We conclude that HSC™ are
in transition between AUV and FL HSCs, in that some have
acquired CD150 expression whereas others are still CD1507.

Molecular comparison of pre-HSCs, HSC®, and FL HSCs

We performed RINA-Seq to compare the molecular profiles
of E11.5 pre-HSCs, HSC®, and FL HSCs. We sorted
pre-HSCs as  CD31"VEC'ESAM 'Kit Ly6a:GFP" cells,
which contain both type I and type II pre-HSCs. As ESAM
had not previously been demonstrated to mark pre-HSCs,
we first confirmed that all pre-HSCs are in the ESAM"
population of CD31"VEC'Kit'Ly6a:GFP" cells (Fig. 2,
D and E). HSC®™ (CD48~ LSK) were purified from E11.5
AUV that had been cultured as explants for 4 d, and FL
HSCs (CD48"CD150" LSK) from E14.5 embryos. In total,
5294 differentially expressed genes (DEGs) were identified
between pre-HSCs, HSC™, and FL HSCs (Fig. 3 A and Fig.
S1,A and B). A principal component analysis (PCA) showed
the three top principal components accounted for 80% of the
variance in gene expression (Fig. S1 C). The PCA segregated
pre-HSCs, HSC®, and FL HSCs into three distinct groups
(Fig. 3 B and Fig. S1 D). HSC®™ and FL HSCs, although
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Figure 1. Ly6a:GFP exclusively marks pre-HSCs at E11.5. (A) Dissected AUV from Ly6a:GFP transgenic embryos were sorted into VEC*CD45*GFP*~ and
VEC*CD45-GFP*"~ populations. Sorted populations were cultured as reaggregates with OP9 cells for 4 d. (B) Representative sort plots and fluor-minus-one
(FMO) controls for E11.5 Ly6a.GFP* cells. Percentages of gated FACS populations are shown. (C) The percentage (error bars, 5th to 95th percentile) of
Ly6aGFP* cells in the VEC*CD45* and VEC*CD45~ populations at E11.5. Data were compiled from 24 independent experiments. (D) After coculturing for 4
d, OP9 reaggregates were dissociated, and one embryo equivalent (ee) of cells was transplanted into lethally irradiated recipient mice. Data represent the
mean percent donor contribution (CD45.2* cells) to PB cells for individual transplant recipients (n = 14 each for type | and type Il). “No sort" represents cells
from the explant transplanted without sorting (n = 4); NA, not applicable. Data were compiled from three separate experiments. (E) Mean engraftment of
adult mice with 1 ee of E11.5 pre-HSCs matured into HSCs on Akt-ECs. Data were compiled from five mice per condition in one experiment. (F) Percentage
+ standard deviation of Ly6a.GFP* cells in the VEC*CD45" and VEC*CD45™ populations at E10.5. Data were compiled from 14 independent experiments.
(G and H) Mean contribution to PB from 1 ee of E10.0 (30-35 sp) and E10.5 (34-38 sp) pre-HSCs matured into HSCs on Akt-ECs. Data were compiled from
five mice per condition in two independent experiments. All transplant experiments were evaluated at 16 wk.
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Figure 2. Refinement of HSC™ and pre-HSCs for molecular profiling. (A) Dissected AUV from WT embryos were explanted for 4 d, and the CD45*
LSK population sorted based on CD48 and CD150 expression. One ee of each population was transplanted into recipient mice. (B) Representative sort
plots with FMO controls. (C) Donor contribution to PB in transplant recipients. Data were compiled from three independent experiments; n = 4 recipients
for each population. Animals transplanted with CD48~CD150~ cells had significantly higher donor contribution to CD45* and B cells compared with
animals transplanted with other sorted populations, and to macrophages, granulocytes, and T cells compared with animals transplanted with CD150*CD48*
or CD1507CD48" cells (**, P < 0.0001). Error bars show minimum to maximum values. One-way ANOVA and Tukey's multiple comparison tests.
(D) Representative sort plots of pre-HSCs from E11.5 AUV. (E) Contribution in individual transplant recipients of 1 ee of pre-HSCs (ESAM* [5 recipients]
and ESAM™ [4 recipients] populations of CD31*VEC*Kit*Ly6a:GFP* cells) to total PB cells (Total), B cells, and granulocytes (mean + SD). All engraftment was
determined at 16 wk. Percentages of gated FACS populations are shown.
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Pre-HSCs were sorted as CD31*VEC'ESAM*Kit*Ly6a-GFP* cells, HSC* as CD48~ LSK, and FL HSCs as CD48-CD150" LSK cells. DEGs were identified using a
false discovery rate cutoff <0.05 and a fold change cutoff >2. (B) PCA (see also Fig. S1). The top 5,000 genes with the largest expression variance across
samples were used for the analysis. (C) Expression clusters defined using consensus clustering and DEGs (see also Fig. S2). Color indicates row-wise nor-
malized expression levels. Numbers (n) indicate number of genes in each cluster. (D) GO terms associated with genes more highly expressed in HSC* than

pre-HSCs and FL HSCs (see also Fig. S3).

distinct, were more closely related to each other than either
was to pre-HSCs. Potential reasons for the distinct molecular
signatures of HSC®™ and FL HSCs are that the HSC™
population contained other contaminating progenitors, as will
be addressed later, and/or that the ex vivo culture conditions
result in HSCs with a different molecular profile than those
in their normal in vivo niche.

Using consensus clustering and the set of differentially
expressed genes, we defined six clusters of expression pro-
files (Fig. 3 C, Fig. S2, and Table S1). Clusters 1-3 consist of
genes that are most highly expressed in pre-HSCs, HSC®, or
FL HSCs, respectively (Fig. 3 C and Fig. S2). Clusters 4-6
consist of genes that are more highly expressed in two of
the three cell types. Genes in cluster 1 that were most highly
expressed in pre-HSCs were associated with gene ontology
(GO) terms related to “vascular morphogenesis” and “embry-
onic organ development” (Fig. S3 A). The preponderance of
GO terms related to embryonic organ development indicates
that pre-HSCs have not yet extinguished the expression of
genes associated with other cell fates, and GO terms related
to vasculogenesis reflect their recent identity as hemogenic
endothelial cells. On the other hand, many significant GO
terms associated with genes in cluster 2 (more highly ex-
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pressed in HSC® than in pre-HSCs or FL HSCs; Fig. 3 D
and Fig. S3 B) and in cluster 6 (higher in both HSC® and FL
HSCs relative to pre-HSCs; Fig. S3 F) were associated with
lymphoid differentiation or response. Thus, the maturation of
pre-HSCs to HSCs involves up-regulation of a hematopoietic
and particularly lymphoid program, and down-regulation of
an endothelial program, as reported by others (Kim et al.,
2006; McKinney-Freeman et al., 2009; Zhou et al., 2016).

The CD48~ LSK population from AUV explant cultures
contains cells with lymphoid markers that are not HSCs

We extracted a list of genes encoding cell surface receptors
that were more highly expressed in HSC™ (CD48~ LSK
cells) compared with pre-HSCs, to identify cell surface mark-
ers that could potentially be used to further purify the func-
tional HSC® in this population (Table 1). The list contained
many genes expressed in lymphocytes, including subunits of’
the IL receptors (Il2ra, IIr2b, I118r, 1112rb1, 117r), components
of the TCR (Trbcl, Tcrg-Cl1), and chemokine receptors
(Cer7, Cer8, Ccr9, Cxcrb). Also on the list were several im-
mune checkpoint or immune suppressor molecules, including
Cd300If, Cd96, Cd69, Cd244, and Cd274 (PD-L1). We ex-
amined the expression of several of these markers on CD48~
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LSK cells from AUV explants, and found that up to 20% of
CD48™ LSK cells were positive for one or more lymphoid
marker (Fig. 4 A). The prevalence of lymphoid marker ex-
pression in CD48™ LSK cells suggested that either the HSC™
population is primed toward the lymphoid lineage, or that
it is contaminated by committed lymphoid progenitors. To
determine whether CD48™ LSK cells expressing lymphoid
markers contained functional HSC®, we sorted CD48~ LSK
cells from AUV explant cultures based on expression of the
IL-7 receptor (IL-7R; CD127, encoded by 117r), which marks
lymphoid-primed multipotent progenitors, common lym-
phoid progenitors, and other lymphocyte populations (Kondo
et al., 1997; Akashi et al., 2000; Kawamoto et al., 2000; Boiers
et al., 2013), and transplanted the cells into mice (Fig. 4, B
and C). All HSC®™ were in the IL-7R™CD48~ LSK fraction.
We examined the IL-7R*CD48~ LSK population for lym-
phoid potential by culturing cells on OP9 and OP9-DL1, and
determined that it contained progenitors with B (OP9) and
T (OP9-DL1) lymphoid potential (not depicted). Antibodies
to IL-7R could therefore be used to exclude contaminating
lymphoid progenitors from the CD48” LSK population in
order to obtain a more pure population of functional HSC.

PD-L1 is expressed on HSC®™ and FL HSCs
To identify positive cell surface markers for HSC®, we fo-
cused on genes in cluster 6 that were up-regulated on both
HSC® and FL HSCs. One candidate was PD-L1 (also known
as CD274), a transmembrane receptor that binds PD-1 on
T lymphocytes and delivers an inhibitory signal to prevent
TCR-mediated T cell activation (Zheng et al., 2011; Riella et
al., 2012). We sorted cells from AUV explants based on PD-L1
expression, and showed that functional HSCs were enriched
in the PD-L1" fractions of both CD48~ LSK cells (Fig. 4, D
and E) and IL7R™CD48~ LSK cells (Fig. 4 F and Fig S4, A
and B). BM from primary recipients of PD-L1 IL7R"CD48~
LSK HSC®™ cells that were transplanted into secondary re-
cipients contributed to long-term reconstitution of PB, and
to BM HSPCs (Fig. S4, B and C). PD-L1"IL-7R " cells con-
stituted ~30% of the CD48~ LSK population in AUV ex-
plant cultures (Fig. 4 G); thus, the combination of PD-L1 and
IL-7R as positive and negative markers, respectively, can be
used to further enrich functional HSC™ from ex vivo cultures.

We also determined whether PD-L1 marks HSCs in the
E11.5 AUV by direct transplantation of VEC* AUV cells sorted
based on PD-L1 expression (Fig. 5,A—C). HSCs in the E11.5
AUV were in both the PD-L1* and PD-L1~ fractions of VEC*
cells (Fig. 5 C),and therefore PD-L1 does not exclusively mark
HSCsin the E11.5 AUV.We next asked whether PD-L1 marks
HSCs in the FL. We sorted PDL1" and PD-L1~ fractions of
Lin"IL-7R ™ FL cells from E11.5,E12.5,and E14.5 fetuses and
transplanted the cells into irradiated recipients (Fig. 5 E). Most
FL HSCs at all three stages were PD-L1". Thus, PD-L1 marks
most HSCs that have matured in vivo in the FL.

We determined whether PD-L1 marks pre-HSCs by
fractionating VEC™ cells from the AUV of E10.0 (30-35 so-
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Table 1. Cell surface markers up-regulated on HSC™ vs. preHSCs
Gene symbol Fold change P-values
li2ra 7751.7 5.57E-17
Terg-C1 7127.9 4.14E-14
Trbe1 4995.8 3.62E-11
Ifitmé 3444.8 1.39E-07
Itgb2! 2727.0 7.60E-06
Cd177 2402.3 5.81E-05
li2rb 1126.8 1.03E-55
Amical 1097.1 6.90E-11
r2 464.6 1.60E-152
1118r1 380.2 2.87E-05
Ccr9 339.1 2.90E-71
Cd7 250.9 1.30E-46
Cd96 163.2 2.02E-10
nrire 120.4 4.85E-88
Cd244 19.7 1.62E-63
Ccr8 112.0 2.75E-07
Cd200r3 109.9 2.37E-32
Itgb7 83.5 2.01E-148
12rb7° 53.3 3.27E-12
lizr 52.8 7.32E-25
Cd69 52.4 1.40E-104
Cer7 46.0 1.71E-09
Cd74 42.5 2.76E-52
Cdh17 30.1 5.59E-18
Ifitm 1° 25.1 7.04E-94
DkkiT® 18.7 7.56E-05
Itgax 18.6 6.32E-07
Cd200r4 18.3 9.21E-09
Cxcr5 15.0 7.53E-06
Cd37 13.1 1.79E-59
Itgae 121 4.01E-3
19r° 1.8 3.91E-07
Cd300If 1.7 1.12E-12
CdgZ 10.4 2.14E-65
Itgb2* 7.9 1.20E-38
Cd274 (PD-L1)* 7.5 4.07E-13
Cxer4? 6.3 1.52E-19
1 5.1 4.68E-27

*Also expressed on FL HSCs.

mite pairs [sp]) and E11.5 (46—48 sp) embryos into PD-L1
high (hi), low (lo), and negative (=) populations (Fig. 6,A and
B), culturing the cells on Akt-EC to mature the pre-HSCs
into HSC®, and transplanting the cultured output into re-
cipient mice. At E10.0, all pre-HSCs were in the PD-L1"°
and PD-L1~ populations of VEC" cells, and none were in
the PD-L1" population (Fig. 6 C). At E11.5, pre-HSCs were
split among the PD-L1", PD-L1", and PD-L1~ populations
of VEC" AUV cells. We examined whether PD-L1 expres-
sion specifically marked type I (VEC'CD457) or type II
(VEC"CD45") pre-HSCs. Type I pre-HSCs were exclusively
PD-L1". Cells with type I markers that were PD-L1" con-
tributed only to B and T lymphocytes but not to myeloid
lineage cells (Fig. 6 D), nor did they engraft secondary re-
cipients (Fig. 6 E). Type II pre-HSCs were split between the
PD-L1" and PD-L1~ fractions (Fig. 6, D and E). In summary,
type I pre-HSCs are PD-L17, whereas type II pre-HSCs
can be PD-L1" or PD-L1".
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Figure 4. HSC® and FL HSCs are PD-L1" IL-7R". (A) Percentage (bars, 5th to 95th percentile; n = 5) of CD48~ LSK HSC*™ expressing various cell surface
proteins, analyzed by flow cytometry. (B) FACS plots for sorting IL-7R* and IL-7R~ fractions of CD48~ LSK cells. Gates were set using FMO controls (not
depicted). Percentages of gated FACS populations are shown. (C) Percentage of donor-derived PB cells from 1-2 ee of the fractions sorted in B (mean +
SD). Error data were compiled from two independent experiments; IL-7R™, n = 8; IL-7R*, n = 7. (D) FACS plots for sorting PD-L1" and PD-L1~CD48~ LSK
cells from explant cultures. Left histogram: Gates in sort were set using FMO for PD-L1 (blue line). Numbers above gates are percentages of PD-L1* and
PD-L1~ cells in the sort. Right histogram: Postsort analysis of PD-L1* (red) and PD-L1~ (blue) cells overlaid in one graph. The PD-L1 (PE) signal diminishes in
the postsort; hence, many PD-L1* cells shift left into the PD-L1~ gate. (E) Percentage + standard error of mean of donor-derived cells in the PB of transplant
recipients of 1 ee cells sorted in D. Data were compiled from three independent experiments; PD-L17, n=9; PD-L1*, n = 12. (F) Percentage of donor-derived
cells in PB from recipients transplanted with 1-2 ee of CD48~ LSK cells sorted into PD-L1*=IL-7R* (n = 4), PD-L17IL-7R™ (n = 9), and PD-L1*IL-7R~ fractions
(n = 18). Data were compiled from three independent experiments. (G) Proportion of CD487LSK cells expressing PD-L1 and IL-7R by flow cytometry. Data
are combined from five separate flow experiments. Totals do not reach 100%, reflecting minor variability in the proportion of markers within the CD48~ LSK
population after 4 d of culture. Percentages and standard deviation of gated FACS populations are shown. All transplant recipients were analyzed at 16 wk.

The increase in PD-L1 expression from pre-HSCs to PD-L1" and PD-L1~ E14.5 FL cells into bisulfan-treated
HSC® prompted us to examine whether PD-L1" HSC* dif- NOD SCID gamma (NSG) mice lacking B, T, and natural
ferentiated from PD-L1~ pre-HSCs. We sorted E11.5 AUV killer cells, either by retroorbital injection with splenic support
VEC" cells into PD-L1" and PD-L1~ fractions, cultured the  cells or direct interfemoral transplant (Fig. 7 A).PD-L1" donor
cells for 1 wk on Akt-EC, resorted the cells based on PD-L1 cells reconstituted 19 of 20 NSG recipients with all lineages,
expression, and transplanted them (Fig. 6 F). Cells that were contributing to 92.4% of PB cells (Fig. 7 B). In contrast, only 6
initially PD-L1" and lost PD-L1 expression during ex vivo of 15 NSG recipients of PD-L17 cells had donor-derived cells
culture had no HSC™ activity (Fig. 6 G). Cells that were ini-  in their PB,5 of which had only donor-derived lymphoid cells
tially PD-L17 and remained PD-L1™ after ex vivo culture (Fig. 7 B). Calculating lymphoid contribution as the percent-
contributed to lymphoid but not to myeloid cell lineages. All age of donor-derived B and T cells suggests that contribution
populations that were PD-L1" after ex vivo culture, regard-  of PD-L1~ FL cells to lymphoid lineages in NSG hosts is rel-
less of whether they were PD-L1* or PD-L1~ before ex vivo  atively high (30.0% of B cells, 55.5% T cells; Fig. 7 C). How-
culture, had HSC®* activity. Thus, HSC** either mature from ever, NSG hosts lack competing lymphocytes, so if instead the
PD-L1" pre-HSCs and maintain PD-L1 expression, or dif- percentage of donor-derived lymphoid cells is calculated as a
ferentiate from PD-L17 pre-HSCs and up-regulate PD-L1 fraction of all CD45" PB cells, it is apparent that the output

during ex vivo culture. of lymphoid cells from PD-L1 donor FL cells is much lower
(11.6% B, 2.6%T; Fig. 7 D). B6.SJL (WT congenic) recipients
PD-L1 is not necessary for engraftment transplanted contemporaneously with the same donor cells

We determined if PD-L1~ FL cells failed to engraft because  were engrafted only by PD-L1* FL cells,and no recipients were
they were rejected by lymphocytes in the host.We transplanted engrafted with PD-L17 cells (Fig. 7 E). Three of the 15 NSG
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deviation of donor-derived cells in the PB from transplanted cells sorted in B. VEC*PD-L1*, n = 8. VEC*PD-L1~, n = 13. Data are from three separate exper-
iments. Solid horizontal line indicates mean for PD-L1* cells, dotted line for PD-L1~ cells. (D) FACS plots showing sort strategy for isolating PD-L1* and
PD-L17IL-7R"Lin" cells from the FL for transplantation assays in E. E14.5 FL sorts and postsorts are shown. Gates were set using FMO controls (not depicted).
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transplant recipients were analyzed at 16 wk. n = 4 experiments.

recipients of PD-L17 cells contained >1% donor-derived phe-
notypic long-term repopulating HSCs (CD48"CD150"LSK)
in their BM (Fig. 7 F), whereas no B6.SJL recipients contained
>1% donor-derived CD48"CD150"LSK cells (not depicted).
Hence, the lack of host lymphocytes in NSG mice allowed for
limited engraftment by PD-L1™ FL cells. These data indicate
that the PD-L1~ population of FL cells contains few if any
HSCs capable of multilineage engraftment. Furthermore, the
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inability of PD-L1™ FL cells to provide robust multilineage en-
graftment is not a result of rejection by the host immune system.

It has been proposed that the failure of embryonic
pre-HSC:s to engraft adult mice may be a result of rejection
of immunologically unfamiliar cells by the host immune
system, and it was shown that up-regulation of major
histocompatibility class I molecules correlated with the
ability of embryonic HSCs to engraft (Kieusseian et al.,
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Figure 7. Engraftment in the absence of lymphocytes in the recipient, or in the absence of PD-L1:PD-1 signaling. (A) Scheme for analyzing
engraftment of Lin"PD-L1" and PD-L1~ FL cells in NSG mice. (B) Number of NSG recipients with engraftment, and with multilineage engraftment. 1 of
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separate experiments. (C) Donor contribution to total PB cells, B cells, T cells, monocytes, and granulocytes in NSG recipients. Solid horizontal lines indicate
means + standard deviation for PD-L1* cells, and dotted lines for PD-L1 cells. (D) Percentage + standard deviation of donor-derived B (CD19%) and T
(CD3e") cells in all PB cells (donor + recipient) in NSG recipients. (E) Contribution of PD-L1* and PD-L1~ FL cells, five mice per condition, to the PB of WT
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2012). We reasoned that if inhibition of host lymphocyte for the engraftment of embryonic HSCs, then embryonic
activation via PD-L1:PD-1 signaling is required for HSCs should engraft PD-1-deficient hosts less well than
engraftment by embryonic HSCs, disrupting that axis they engraft WT hosts. Engraftment of E11.5 embryonic
would affect engraftment. We tested this hypothesis by cells was equally efficient in PD-1-null and WT recipients
transplanting HSCs from the AUV of E11.5 WT embryos (Fig. 7, G and H). Hence, the PD-L1:PD-1 immune
into both WT and PD-1—deficient host mice. If inhibition checkpoint axis does not appear to be a factor impeding
of host lymphocyte activation through PD-1 is important  embryonic HSC transplantation.
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DISCUSSION

The process of pre-HSC to HSC maturation is poorly
understood. Cell surface and other molecular markers that can
be used to identify and monitor various stages of pre-HSC to
HSC maturation would facilitate efforts to understand the
molecular basis of this process, and to produce HSCs ex vivo
from embryonic stem cells, induced pluripotent stem cells,
or other cell sources. Here we used the Ly6a:GFP transgene
in conjunction with antibodies to cell surface markers on
hematopoietic cluster cells to isolate and profile a population
of pre-HSCs by RNA-Seq. Although the LY6A gene is
not conserved in humans (Holmes and Stanford, 2007), we
reasoned that the transcription factors and signaling pathways
active in Ly6a:GFP" mouse pre-HSCs will be conserved in
human pre-HSCs. Recently, Zhou et al. (2016) performed
single-cell RNA-Seq on pre-HSCs and FL and BM HSCs,
using antibodies to the endothelial protein C receptor
(EPCR/CD201) to refine type I and type II pre-HSC
populations. Although the markers used to isolate pre-HSCs
differ from those in our study, the two datasets show strong
similarity in top GO terms associated with genes expressed
more highly by pre-HSCs than FL HSCs, including blood
vessel development and vasculogenesis.

We showed that matured HSCs (HSC®™ and FL
HSCs) could be enriched with antibodies to PD-L1. The
presence of PD-L1 on the surface of some, but not all, E11.5
AUV-resident HSCs and pre-HSCs, the expression of PD-L1
on in vivo FL HSCs, and the demonstration that PD-L1"
HSC® can differentiate from PD-L1" pre-HSCs indicate that
PD-L1 expression is up-regulated during HSC maturation.
We previously showed that PD-L1 (Cd274) mRNA levels
were also elevated in Ly6a:GFP™ hematopoietic cluster cells
compared with Ly6a:GFP™ cells (Li et al., 2017). Likely
candidates mediating the increase in PD-L1 expression
are inflammatory signaling pathways. PD-L1 expression
is activated by IFN-y, and the Cd274 promoter contains a
binding site for the transcription factor IRF-1 (Lee et al.,
2006). We and others showed IFN-y signaling is active in the
embryo,and positively regulates HSC and lymphoid progenitor
production in both mouse and zebrafish embryos (Li et
al., 2014; Sawamiphak et al., 2014). Inflammatory signaling
pathway components are robustly expressed by pre-HSCs as
early as E10.5 (Li et al., 2014; Kim et al., 2016). We show here
that the inflammatory signature becomes more pronounced
as pre-HSCs mature into FL HSCs, consistent with previous
studies (Kim et al., 2016). Jak-Stat1 signaling through IFN-a
was shown to be important for the maturation, and specifically
the engraftment potential of HSCs from the AUV into adult
hosts (Kim et al., 2016); thus, inflammatory signaling is likely
important during hematopoietic development from the
emergence of pre-HSCs through their maturation into HSCs.

PD-L1 is expressed by antigen-presenting cells and
functions to promote immune tolerance. The engagement of
PD-L1 with its receptor, PD-1, expressed by T lymphocytes
dampens the immune inhibitory response by suppressing T
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cell self-renewal, inhibiting TCR-mediated IL-2 cytokine
production by T cells, and activating T cell apoptosis (Carter
etal.,2002; Chemnitz et al.,2004; Sheppard et al.,2004). It has
been proposed that one reason embryonic HSCs are unable
to engraft adult recipients is that they are immunologically
distinct from adult HSCs and are recognized as foreign
by the adult immune system, including T and NK cells
(Kieusseian et al., 2012). PD-L1 was a logical candidate for
suppressing the rejection of maturing embryonic HSCs by
T lymphocytes in adult hosts, as it was shown that under
some circumstances, PD-L1 can suppress graft rejection of
adult HSCs in allogeneic transplants (Zheng et al., 2011).
However, others (Zheng et al., 2011) and we have now
shown that PD-L1:PD-1 signaling does not appear to be
necessary for the engraftment of adult or embryonic HSCs
in syngeneic hosts; hence, PD-L1 is a marker of, but not
required for, HSC maturation.

MATERIALS AND METHODS

Mice

C57BL/6] WT (CD45.2) females were paired with B6.Cg-
Tg(Ly6a:GFP)G5Dzk/] or C57BL/6 WT males to obtain
conceptuses. The Ly6a:GFP transgene was detected by PCR
using GFP primers: FW, 5'-CAGATGAAGCAGCACGAC
TTCT-3";and RV, 5'-AACTCCAGCAGGACCATGTGAT-
3’. The PCR reaction was as follows: denaturation 5 min
94°C, 35 cycles of denaturation 30 s 94°C, annealing 30 s
56°C, elongation 1 min and 30 s 72°C, and final extension
10 min 72°C.The product size was 400 bp. PD-1-null mice
(Pded1™-15M were a gift from A. Sharpe (Keir et al., 2007).
NSG mice were provided by the University of Pennsylvania
Stem Cell and Xenograft Core.

For transplantation assays, B6.SJL-Ptprc¢’ Pepc’/Boy]
(CD45.1), C57BL/6] (CD45.2), and PD-1-null (CD45.2)
mice were subjected to a split dose of 900 cGy, 3 to 24 h apart.
Recipients received 1-2 embryonic equivalents (ee) of E11.5
dissociated AUV cells plus 2 X 10° carrier spleen cells by tail
vein injection. For Akt-EC coculture experiments, recipients
received 1-2 ee of E10 to E11.5 AUV cocultured cells and
5 X 10* carrier CD45.1 BM cells by tail vein injection. E14.5
FL cell transplants into B6.SJL mice were performed with the
following numbers of donor cells: IL7R*PD-L1"~, 10,000
cells; IL7R"PD-L17, 53,000 cells; and IL7R"PD-L1%, 24,000
cells. Secondary transplants were performed by transplanting
2 % 10° unfractionated BM cells from primary hosts into ir-
radiated secondary recipients. E11.5 and E12.5 FL cell trans-
plants were performed with 0.5-2 ee. Donor fetuses were
C57BL/6] for AUV-explant, AUV cultured on Akt-EC, direct
AUV, and FL transplants, and a mixed C57BL6/] and 12951/
SVImJ background (CD45.2) for reaggregated populations.
E14.5 transplants into NSG mice were performed with
20,000 donor cells into bisulfan-treated NSG mice. PD-1—
null mice were given 1 AUV equivalent or 20,000 E14.5 FL
B6.SJL donor cells. Donor engraftment was assessed after 3,7,
and 16 wk in the peripheral blood and after 16 wk in the BM.
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All mouse experiments were approved by the University of
Pennsylvania’s Institutional Animal Care and Use Committee.

Cell sorting and flow cytometry
AUVs were dissociated using collagenase I (Sigma), filtered
using a strainer cap (Becton Dickinson) and stained with ap-
propriate antibodies in PBS/20% FBS/25 mM Hepes (Gibco)
on ice. Cells were sorted on a BD FACSVantage, BD FACS
Jazz, BD FACS Aria, or BD Influx using a 100-mm nozzle, 15
psi pressure, flow rate <2,500 cells/s, and Hanks’ balanced salt
solution (Gibco)/25 mM Hepes (BD) as sheath fluid. Sorted
cells were collected in 1.5-ml Eppendorf tubes or FACS tubes
containing 0.5-3 ml PBS/50% FBS/25 mM Hepes. Post-sort
analyses were performed when enough cells were available.
Antibodies used (RRID number) were CD144
(VEC; AB_10597442), CD45 (AB_465667), CD45.1
(AB_469628, AB_465675), CD45.2 (AB465060), CD117
(Kit; AB_1626278), Scal (893619), CD48 (AB_571997,
AB_469407), CD150 (AB_439797), Ter119 (AB_1518808),
Grl (AB_1548788, AB_1727563), Macl (AB_1582236,
AB_2534404), CD19 (AB_1659676), B220 (AB_1645277,
AB_1548761), CD3e (AB_1272193), CD25 (AB_830744),
CD90.2 (AB_469642), CD274 (AB_466088, AB_397018),
PD-1 (AB_465466), IL7R (AB_469435), and ESAM
(AB_2101658,AB_891537). All samples were analyzed on an
LSRII flow cytometer (BD).

Reaggregation and Akt-EC cultures

Sorted populations from one AUV were mixed with 10° OP9
cells as previously described (Taoudi et al., 2008; Rybtsov
et al., 2011). The reaggregates were expelled onto 0.65-mm
Durapore filters (Millipore) and cultured at the air-liquid in-
terface for 4 d in MyeloCult (M5300; STEMCELL Technol-
ogies) supplemented with 100 ng/ml stem cell factor, 100
ng/ml IL-3, and 100 ng/ml Flt3L (PeproTech). Reaggregates
were dissociated using collagenase I (Sigma) before analysis.
OP9 cells were obtained from the ATCC (CRL-2729) and
maintained in o-Minimal Essential Medium (Gibco), 20%
FBS (Gibco), and 1% penicillin-streptomycin (HyClone;
Thermo Scientific). Cultures on Akt-EC cells were per-
formed as described previously (Hadland et al., 2015).

Lymphoid assays

A limiting dilution range of FACS-sorted cell populations
were cocultured on stromal cells for 10 d, as described pre-
viously (Li et al., 2014, 2017). OP9 or OP9-DLI1 cells were
seeded 1 d before coculture at 4,000 cells/well in 96-well
tissue culture—treated plates (Falcon). For B cell potential,
cells were cocultured on OP9 stroma in Alpha-MEM/20%
FBS (Gibco) supplemented with 5 ng/ml mFIt3L and 10
ng/ml mIL7 (PeproTech). For T cell potential, cells were
cocultured on OP9-DL1 stroma in Alpha-MEM/20% FBS
supplemented with 5 ng/ml mFlt3L and 1 ng/ml mIL7.
Progenitor frequencies were calculated using ELDA soft-
ware (Hu and Smyth, 2009).
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RNA purification and deep sequencing

Cells were sorted into Trizol-LS. Total RNA was prepared
using an RNeasy micro kit (Qiagen). DNase treatment was
performed either on-column (Qiagen) or using a DNA-
free DNA Removal kit (Life Technologies). Total RNA was
quantified with RNNA HS kit (Q32852) for Qubit fluorom-
eter (Life Technologies) and analyzed for integrity using an
RNA 6000 Pico kit (5067-1513) for 2100 Bioanalyzer (Ag-
ilent). mRINA was isolated from total RINA using NEBNext
Poly(A) mRNA Magnetic Isolation Module (E7490; NEB).
PolyA-selected mRINA was fragmented to a mean size of 300
nt, reverse transcribed to generate double-stranded cDNA,
and converted to a paired-end library using NEBNext Ultra
RNA Library Prep kit for Illumina (E7530; NEB) accord-
ing to the manufacturer’s instructions, including the optional
double size selection procedure using Agencourt AMPure XP
beads. Prepared libraries were quantified with a dsDNA HS
kit (Q32851) for Qubit, and the size distribution was assessed
using a High Sensitivity DNA kit (5067-462) for Bioana-
lyzer. Libraries were sequenced on an Illumina HiSeq2500 in
paired-end mode with the read length of 75 nt.

Transcriptome assembly and expression level

estimate from read counts

Paired-end reads were mapped to the reference mouse ge-
nome (release mm?9) using Tophat (Trapnell et al., 2009). Only
uniquely mapped reads with fewer than two mismatches were
used for downstream analyses. Transcripts were assembled
using Cufflinks (Trapnell et al., 2009) using mapped frag-
ments outputted by Tophat. Ensemble (release 66) was used as
the source of annotated genes and transcript isoforms. Nor-
malized transcript abundance was computed using Cufflinks
and expressed as Fragments Per Kilobase of transcripts per
Million mapped reads (FPKM). Gene-level FPKM values
were computed by summing up FPKM values of their cor-
responding transcripts (Trapnell et al., 2010). RNA-Seq data
reproducibility was assessed by computing Spearman correla-
tion of gene expression between a pair of biological replicates.
Genes with zero read counts in all biological replicates were
excluded from the correlation calculation.

Identification of differentially expressed genes
FeatureCounts (Liao et al., 2014) was used to summarize
read counts for genes. With normalized read counts for each
gene, edgeR (Robinson and Oshlack, 2010) and DESeq
(Anders and Huber, 2010) were applied to detect signifi-
cantly differentially expressed genes for pairwise compar-
isons. Differentially expressed genes were determined by
using a false discovery rate cutoff of 0.05 and a fold change
of 2 for both algorithms.

PCA

Genes were ranked by the variance of their expres-
sion across samples. The top 5,000 genes with the largest
variance were used for PCA.

Markers of pre-HSC to HSC maturation | Tober et al.



GO enrichment analysis

Differentially expressed genes were used for enrichment anal-
ysis with level 5 GO terms. Enrichment p-values were com-
puted using the hypergeometric distribution. Enrichment
p-values were corrected for multiple testing using the Ben-
jamini-Hochberg method (Benjamini and Hochberg, 1995).

Accession no.
The GEO accession no. for the RNA-Seq data is GSE104689.

Online supplemental information

Fig. S1 shows the quality of the RNA sequencing data and
principal component analysis comparisons of pre-HSC,
HSC®™, and FL HSC. Fig. S2 shows the expression levels of
gene clusters defined by consensus cluster analysis. Fig. S3
displays GO terms associated with specific expression clusters
in comparison with each other. Fig. S4 displays engraftment
data from HSC® secondary transplant recipients. Table S1, in-
cluded as an Excel file, shows the genes in Clusters 1-6.
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