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SUMMARY
Hematopoietic stem cells (HSCs) are typically characterized by transplantation into irradiated hosts in a highly perturbedmicroenviron-

ment. Here, we show that selective and temporally controlled depletion of resident HSCs through genetic deletion of Gata2 constitutes

efficient recipient conditioning for transplantation without irradiation. Strikingly, we achieved robust engraftment of donor HSCs even

when delaying Gata2 deletion until 4 weeks after transplantation, allowing homing and early localization to occur in a completely non-

perturbed environment.WhenHSCs from the congenic strains Ly5.1 and Ly5.2were competitively transplanted, we found that themore

proliferative state of Ly5.2 HSCs was associated with superior long-term engraftment when using conditioning by standard irradiation,

while higher CXCR4 expression and a better homing ability of Ly5.1 HSCs strongly favored the outcome in our inducible HSC depletion

model. Thus, the mode and timing of recipient conditioning challenges distinct functional features of transplanted HSCs.
INTRODUCTION

The functionality of hematopoietic stem cells (HSCs) can be

characterized in vivo by transplantation into recipients that

lack a functional hematopoietic system (Till and Mc, 1961).

Self-renewal and multi-lineage reconstitution capacity can

be assessed in transplantation assays, and are the key criteria

to define HSCs (Kiel et al., 2005; Osawa et al., 1996; Smith

et al., 1991). It is a general notion in the field that the engraft-

ment of donor HSCs is dependent on the availability of

niches that normally are occupied by host HSCs (Bhatta-

charya et al., 2006, 2009; Schofield, 1978; Tomita et al.,

1994). Irradiation is therefore used to enhance donor HSC

engraftment by depleting resident HSCs and create available

niche space (Tomita et al., 1994). However, irradiation de-

stroys not only endogenous HSCs, but also most of the he-

matopoietic compartment, as well as other cell types in the

bonemarrow that constitute the niche (Cao et al., 2011; Do-

men et al., 1998;Dominici et al., 2009).Moreover, irradiation

causes a strong inflammatory stress-induced response

referred to as a ‘‘cytokine storm’’ (Zhang et al., 2012). There-

fore, it is unclear to what degree the functional properties of

HSCs assessed in an environment perturbed by irradiation

reflect those seen during steady-state hematopoiesis or

more physiological challenges (Busch et al., 2015; Busch

and Rodewald, 2016; Sun et al., 2014).

While conditioning by irradiation enables robust

engraftment and strongly challenges the defining proper-

ties of HSCs during acute regeneration,many hematopoiet-

ic conditions involving altered HSC function, such as bone

marrow failure syndromes or myeloproliferative disorders,

develop gradually in a less-challenged context. It would
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thus be desirable to study HSC regulation under more sub-

tle conditions with limited stress. Furthermore, it is unclear

how accurately mechanisms of homing and localization

are assessed in irradiated models where the niche has

been significantly disrupted (Heazlewood et al., 2014).

Although HSC transplantation into completely non-per-

turbed recipients can be achieved, this approach is not

feasible for most applications since donor engraftment is

masked by an overwhelming contribution from endoge-

nous hematopoiesis unless extremely large stem cell

numbers are transplanted (Nilsson et al., 1997, 1999; Shi-

moto et al., 2017). An alternative approach to promote effi-

cient engraftment is to selectively deplete resident HSCs

while leaving themoremature hematopoietic cells and sur-

rounding niche components intact. Several studies have

shown that employing genetically modifiedmice with per-

turbed HSC function as recipients, or specifically depleting

host HSCs using antibodies, can facilitate engraftment of

transplanted HSCs (Czechowicz et al., 2007; Migliaccio

et al., 1999; Wang et al., 2009; Waskow et al., 2009). In

suchmodels, hematopoietic reconstitution can be assessed

without many of the confounding factors triggered by le-

thal irradiation. Yet, this context of selective HSC depletion

before transplantation is also associated with an acute and

heavy demand on the transplanted HSCs, which is quite

different from steady-state hematopoiesis. This was

demonstrated in a recent study showing that the clonal

contribution of transplanted HSCs toward lineage commit-

ment is strikingly different between HSC-depleted and un-

conditioned recipients (Lu et al., 2019).

Here, we reasoned that a model with selective, as well as

temporally controlled depletion of hostHSCswouldprovide
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Figure 1. Conditional Gata2 deletion depletes phenotypic and functional HSCs
(A) Mx1-Cre+ Gata2fl/fl and control (Mx1-Cre� Gata2fl/fl or Mx1-Cre� Gata2fl/+) mice received seven injections of poly(IC) on alternate days
and survival rate was followed until 2 weeks after the last injection. PB and BM were analyzed at 1–4 days after the last poly(IC) injection.
(B) Genomic PCR results with unfractionated BM from Mx1-Cre+ Gata2fl/fl or control (Mx1-Cre� Gata2fl/+) mice administered with poly(IC)
and harvested at 1 week after the last injection.

(legend continued on next page)
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new opportunities for the assessment of HSC dynamics and

engraftment after transplantation. We hypothesized that

such a model would allow for robust measurements of

engraftment properties under completely non-perturbed

conditions by depleting resident HSCs not before, but after

transplantation. To this end, we established a model where

HSCs can be selectively depleted by conditional deletion

of Gata2 (Haugas et al., 2010). GATA2 is a transcription fac-

tor that was identified as an essential regulator of HSC gen-

eration and survival during embryogenesis (de Pater et al.,

2013; Tsai et al., 1994), with an equally critical and dose-

dependent role in regulation of adult hematopoiesis (Li

et al., 2016; Lim et al., 2012; Ling et al., 2004; Menendez-

Gonzalez et al., 2019; Rodrigues, 2005).

Upon induced genetic deletion ofGata2 in adult mice, we

observed rapid and near-complete depletion of HSCs in

agreement with previous studies where the cell-intrinsic

role of GATA2 has been characterized in conditional

knockout (KO) mice (Li et al., 2016; Menendez-Gonzalez

et al., 2019). We further demonstrate that this depletion of

HSCs allows efficient engraftment of transplanted cells

without irradiation. Remarkably, when HSCs from different

genetic backgrounds were transplanted in a competitive

manner to these mice, we observed fundamentally different

outcomes compared with conditioning by irradiation,

which further depended on timing of Gata2 deletion and

whether recipient HSCs were depleted before or after trans-

plantation. Specifically, we found that our model enables

robust detection of HSCs that have been transplanted into

a fully intact microenvironment, and is uniquely suited to

assess properties affecting homing and early localization

that otherwise are masked when using irradiated recipients.
RESULTS

Induced Cre/loxP deletion of Gata2 by poly(IC)

rapidly and selectively depletes the HSC pool in Mx1-

Cre Gata2fl/fl mice

To selectively deplete endogenous HSCs in vivo, we used

genetically engineered mice bearing conditional alleles of
(C) Kaplan-Meier curve depicting the survival of mice treated with po
(D) White blood cell counts and platelet counts analyzed 1 day after
(E) Representative FACS plots showing the LSK compartment at 1 day
(F) Frequency (left) and cell number (right) of LSK from Gata2 KO and
pooled from three independent experiments (control, n = 9; Gata2 KO
(G) 1 3 106 of whole BM cells (Ly5.2) from Mx1-Cre+ Gata2fl/fl or c
transplanted together with equal numbers of whole BM cells from WT
four donors per genotype and two to three recipients per donor).
(H and I) Frequency of Ly5.2 cells in PB (H) and BM (I) after transpla
each donor at 16 weeks after transplantation (control, n = 6; Gata2 KO
(H and I) where n represents technical replicates (recipient mice) fro
See also Figure S1.
Gata2 (Gata2fl/fl mice) (Haugas et al., 2010). We bred Ga-

ta2fl/fl mice with Mx1-Cre transgenic mice to generate an

inducible KOmousemodel. Upon poly(IC) administration,

Mx1-Cre is known to efficiently induce gene deletion in all

subsets of hematopoietic stem and progenitor cells (HSPCs)

(Kühn et al., 1995). To assess the impact of Gata2 deletion

on hematopoiesis, we administered poly(IC) every second

day for 12 days to achieve efficient gene deletion (Figures

1A and 1B). One week after the last poly(IC) injection,

the mice started to succumb (Figure 1C) and prior to this

we observed a decrease of platelet and white blood cell

counts in the peripheral blood (PB) (Figure 1D). Impor-

tantly, the phenotypic HSPC compartment (Lineage�

SCA-1+ c-KIT+, LSK) in the bone marrow was markedly

reduced (Figures 1E and 1F). To more directly assess the

functional impact of Gata2 deletion on HSCs, we compet-

itively transplanted unfractionated bone marrow (BM)

(Ly5.2) from poly(IC)-treated Mx1-Cre Gata2fl/fl mice or

control mice against identical numbers of wild-type (WT)

BM (Ly5.1) cells into irradiated recipients (Figure 1G). We

detected almost no contribution of Gata2 KO cells in the

PB (Figure 1H) and BM (Figure 1I) of the recipients, while

control cells showed a similar level of reconstitution as

the WT competitor cells. Altogether, these results demon-

strate a rapid and selective depletion of resident HSCs

through poly(IC)-induced Gata2 deletion, consistent with

previous reports where Gata2 has been depleted in adult

mice (Li et al., 2016; Menendez-Gonzalez et al., 2019).
Gata2 deletion can serve as a pre-conditioning

regimen for transplant recipients and enables efficient

HSC engraftment

It has previously been shown that selective HSC depletion

can substitute for irradiation as a conditioning regimen for

BM transplantation (Czechowicz et al., 2007; Migliaccio

et al., 1999; Wang et al., 2009; Waskow et al., 2009). We

therefore asked whether the HSC depletion seen in our

inducible Gata2 model would allow for engraftment of

transplanted HSPCs and thus we used the inducible

Gata2 KO mice as recipients for transplantation. We first
ly(IC) (n = 4).
the last poly(IC) injection (n = 4).
after the last poly(IC) injection.
control mice at 1–4 days after the last poly(IC) injection. Data are
, n = 11).
ontrol (Mx1-Cre� Gata2fl/+) mice administered with poly(IC) were
(Ly5.1) into irradiated recipients in a competitive manner (three to

ntation. Representative FACS plots showing the contribution from
, n = 10). n represents independent biological replicates, except in
m three to four independent biological repeats (donor mice).
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Figure 2. Gata2 deletion enables efficient
engraftment of transplanted HSCs
(A) Mx1-Cre+ Gata2fl/fl and control (Mx1-Cre�

Gata2fl/fl or Mx1-Cre� Gata2fl/+) mice were
treated with poly(IC) before the trans-
plantation. One day after the last injection,
4 3 106 whole BM cells were transplanted.
Donor contribution was analyzed for 24 weeks
after the transplantation.
(B) Frequency of donor-derived cells in PB
after the transplantation (n = 5–6).
(C) Frequency of donor-derived cells in BM
LSK at 24 weeks after the transplantation (n =
5–6).
(D)Mx1-Cre+ Gata2fl/fl mice were transplanted
with 70,000 LSK cells without any condi-
tioning. Four weeks after the transplantation,
half of the recipients were treated with
poly(IC). Donor contribution was monitored
for up to 21 week after the last poly(IC) in-
jection.
(E) Frequency of donor in PB was analyzed
before poly(IC) injection (4 weeks after the
transplantation) and followed up to 21 weeks
after the last poly(IC) injection (n = 4).
(F) Frequency of donor in BM LSK at 21 weeks
after the last poly(IC) injection (n = 4). n
represents independent biological replicates.
See also Figures S2 and S3.
administered poly(IC) to the Mx1-Cre Gata2 and control

mice. One day after the last injection, unfractionated WT

BM cells were transplanted into the poly(IC)-treated mice

(Figure 2A). We saw a gradual increase in donor engraft-

ment in PB, and a robust reconstitution of the HSPC

compartment in the BM of the Gata2-deficient recipients,

while control recipients showed barely detectable levels

of donor cells (Figures 2B and 2C). Notably, the kinetics

of the overall reconstitution levels showed a somewhat de-

layed pattern compared with standard conditioning by le-

thal irradiation (Figures 2B and S2A). The delayed reconsti-
1708 Stem Cell Reports j Vol. 16 j 1705–1717 j July 13, 2021
tution kinetics were especially prominent within the

lymphoid compartment, while the reconstitution levels

of myeloid cells rapidly reached a plateau, as seen in irradi-

ated recipients (Figure S2A). Since our HSC depletion

model, unlike irradiation, spares progenitors and mature

cells, it takes longer to replace the more long-lived

lymphoid compartment (B and T cells) in the recipients,

while the short-lived myeloid cells are rapidly replenished

by the donor HSPCs.

Taken together, our findings demonstrate that induced

deletion of Gata2 can serve as a conditioning regimen for



Figure 3. Engraftment kinetics depend on the mode of recipient conditioning
(A) Equal number of unfractionated BM cells from Ly5.1 and Ly5.2 mice were transplanted into the recipients at three different condi-
tioning regimens. For irradiated and pre-induction setting, one million cells each from Ly5.1 and Ly5.2 donors were co-transplanted. For
post-induction setting, ten million cells from each strain were co-transplanted.

(legend continued on next page)
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transplant recipients and enables efficient engraftment of

transplanted HSCs without irradiation.

HSPCs transplanted to non-irradiated, non-induced

Mx1-Cre Gata2fl/fl mice show robust engraftment

upon subsequently induced Gata2 deletion

Next, we explored an alternative transplantation approach

where donor HSPCs were transplanted and allowed to

initially engraft in a completely non-perturbed environ-

ment. Non-induced Mx1-Cre Gata2 mice were intrave-

nously injectedwith 70,000WTLSK cells, and 4weeks later

host HSCs were depleted by poly(IC) administration (Fig-

ure 2D). We hypothesized that this selective host HSC

depletion through loss of Gata2 would gradually reduce

the host-derived hematopoiesis and promote a selective

expansion of hematopoiesis from the previously trans-

planted donor cells. As expected, almost no donor cells

were detected in the PB of the recipients before poly(IC) in-

duction (Figure 2E). Strikingly, however, donor reconstitu-

tion gradually but substantially increased following

poly(IC) treatment and was subsequently sustained in the

blood long term (Figure 2E). Similar to the other model,

myeloid reconstitution was rapid and lymphoid reconsti-

tution was more delayed (Figure S2B). We further detected

high levels of donor engraftment in the most primitive BM

populations (Figure 2F). Control Mx1-Cre Gata2fl/fl mice

that had not been administered poly(IC) showed detect-

able, albeit very low levels of engraftment, which is likely

due to leakiness of the Mx1-Cre system over time with

spontaneous loxP recombination of Gata2 (Velasco-Her-

nandez et al., 2016). These results demonstrate that

engraftment of HSCs in non-conditioned hosts can be

robustly detected following subsequent depletion of the

endogenous HSC pool.

Interferon alpha induced by poly(IC) has been shown to

promote the HSC proliferation (Essers et al., 2009). To

exclude the possibility that the poly(IC)-mediated inter-

feron alpha response would have significantly impacted

the results, we corroborated our findings using an indepen-

dent model of Gata2 deletion. Gata2fl/fl mice were crossed

with the estrogen responsive Rosa26-Cre-ERT2/+ (ER-Cre)

mice (Ventura et al., 2007) to generate a model enabling

Gata2 deletion upon tamoxifen treatment (Figure S1A).

Similar to theMx1-Cre model, we observed the rapid deple-

tion of HSPCs within days after tamoxifen induction as

measured by both FACS and competitive transplantation

(Figures S1B–S1E). Moreover, we could replicate the finding

of efficient repopulation from HSCs that previously had
(B) Frequency of Ly5.1 and Ly5.2 cells in PB from individual recipien
(C) Relative contribution of Ly5.1 and Ly5.2 cells within the donor-d
(D) Relative contribution of Ly5.1 and Ly5.2 cells within donor-derive
treated group, 17 weeks after the last poly(IC) injection (n = 4). n re
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been engrafted in completely non-conditioned animals,

by subsequently deleting Gata2 in the recipients (Figures

S2C–S2E). Transplanted HSCs must thus be able to persist

in non-conditioned recipients for at least 4 weeks with pre-

served potential, and we next asked whether they were

localized within the BM environment. BM from non-

conditioned WT recipient mice was harvested 4 weeks

following transplantation of LSK cells (Figure S3A). We

found clearly detectable levels of donor HSCs by FACS (Fig-

ure S3B), and secondary transplantation showed that they

had robust long-term engraftment potential (Figure S3C).

This shows that transplanted HSCs localize to the BM in

non-conditioned recipients and that they subsequently

can be recruited upon demand.

Altogether, our findings demonstrate that the deletion of

resident HSCs through endogenous Gata2 deletion pro-

vides a versatile model for engraftment studies in non-irra-

diated animals, with possibility of recipient conditioning

either before or after transplantation.

The engraftment kinetics of transplanted HSPCs from

the Ly5.1 and Ly5.2 congenic strains differ

dramatically depending on the mode of recipient

conditioning

To explore the impact of the different modes of transplan-

tation conditioning on the functional readout of HSPCs,

we employed the Ly5.1/5.2 competitive transplantation

assay in our model. This assay is based on variants of the

Ly5 antigen, which is expressed on all leukocytes. The

Black6 Ly5.1 strain is congenic with the C57/Black6

Ly5.2 strain and differs only at the genomic region that

covers the Ly5 locus. Yet, it has been observed that this mi-

nor genetic discrepancy has functional consequences at

the HSC levels that the Ly5.2 strain shows a subtle compet-

itive advantage over the Ly5.1 strain in transplantation as-

says (Mercier et al., 2016;Waterstrat et al., 2010). We there-

fore asked whether these subtle differences in HSC

function between the two congenic strains would read

out differently depending on the mode of recipient condi-

tioning. Equal numbers of whole BM cells from Ly5.1 and

Ly5.2mice weremixed and injected into lethally irradiated

recipients, as well as into our Gata2 recipient model, using

either Gata2 deletion before transplantation (pre-induc-

tion) or 4 weeks after transplantation (post-induction) as

described above. To ensure that the Ly5.1 and Ly5.2 cells

would be accepted equally by the host, we used an Ly5.1/

5.2 F1 background of the Gata2 mice as recipients (Fig-

ure 3A). As expected, the irradiated recipients showed rapid
ts after the transplantation (n = 4).
erived population in PB after the transplantation (n = 4).
d population in BM at 20 weeks after the transplantation. For post-
presents independent biological replicates.



Figure 4. Advantage in homing is associated with higher engraftment potential in non-irradiated recipients
(A) Representative histogram plots showing cell surface expression levels of CXCR4 protein in HSC (left) and Lin (right) populations of
Ly5.1 and Ly5.2 mice.
(B) Mean fluorescence intensity (MFI) of CXCR4 protein in HSC (left) and Lin (right) populations of Ly5.1 and Ly5.2 mice. Data were pooled
from three independent experiments (n = 9).

(legend continued on next page)
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and efficient donor reconstitution, while engraftment in

the Gata2 models was more delayed and with overall

engraftment levels being lower in the post-induction

setting (Figure 3B). To more directly assess the competition

between transplanted HSCs from the Ly5.1 and Ly5.2

strains, we determined the relative contribution of Ly5.1

and Ly5.2 cells within the overall donor-derived popula-

tion excluding the contribution from the Ly5.1/5.2 F1-

recipient mice (Figure 3C). In the irradiated recipients,

Ly5.1 cells showed a minor advantage over Ly5.2 at earlier

time points, and a tendency to decrease at later time points

with the anticipated advantage of Ly5.2 seen in the long-

term BM analysis (Figures 3C and 3D). In the pre-induction

model, however, the Ly5.1 cells showed an advantage over

Ly5.2 throughout the transplantation assay (Figures 3B and

3C). Even more strikingly, the Ly5.1 cells almost

completely outcompeted their Ly5.2 counterparts in the

post-induction model. The relative contribution from

Ly5.1 cells in the PB exceeded 90% already 1 week after

poly(IC) administration (Figure 3C) and this was sustained

long term in the BM (Figure 3D). Thus, our findings show

that the in vivo engraftment kinetics of transplanted HSCs

from the Ly5.1 and Ly5.2 congenic strains differ dramati-

cally depending on the mode of conditioning used for

the recipient mice.

HSPCs from the Ly5.1 and Ly5.2 strains show

differential levels of CXCR4 expression and differ in

their homing ability to the BM

We next wanted to determine the basis for the different

outcomes in our transplantation models and the remark-

ably higher engraftment of 5.1 HSPCs seen in the post-in-

duction model. From genetic and molecular analysis of

the Ly5.1 and Ly5.2 strains, it has been shown previously

that there is a congenic interval in the genome containing

around 300 genes, some of which may be differentially ex-

pressed (Chisolm et al., 2019; Waterstrat et al., 2010).

Among these are several adhesion- and migration-related

molecules that potentially could influence the engraftment

process, including cadherin 19 (Cdh19), chemokine recep-

tor 4 (Cxcr4), engrailed 1 (En1), neuron navigator 1 (Nav1),

Slit-Robo GTPase-activating protein 2 (Srgap2), and L-Selec-

tin (Sell/CD62l). Based on data from available databases

(Gene Expression Commons https://gexc.riken.jp/, Blood

Spot http://servers.binf.ku.dk/bloodspot/), we selected
(C) Cell-cycle analysis showing the frequency of G0, G1, and S/G2/M ph
independent experiments (n = 9).
(D) Equal numbers of CFSE- or SNARF-1-labeled cells were co-transplan
homed to the BM were isolated and analyzed using FACS.
(E) Representative FACS plots (left) and relative frequency (right) of do
12–14 h (LSK, n = 3; Lin�, n = 6). n represents independent biologic
See also Figure S4.
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those that were either broadly expressed in hematopoietic

cells (Cxcr4,CD62l), enriched in progenitors (Nav1), or that

lacked expression data (Cdh19). We confirmed expression

of these genes in both LSK cells and HSCs (CD150+CD48�

LSK), except Cdh19 which could not be detected (Fig-

ure S4A). Among these expressed genes, onlyCxcr4 showed

higher expression in Ly5.1 compared with Ly5.2 cells, and

this difference was specific to purified HSCs while less

prominent in the bulk LSK population. Moreover, CXCR4

is known to have a critical role in the retention of HSPCs

in the BM (Broxmeyer et al., 2005; Foudi et al., 2006).

This prompted us to further examine the potential rele-

vance of CXCR4 expression levels for the differential

HSPC function between the Ly5.1 and Ly5.2 strains. We

saw significantly higher expression of CXCR4 also at the

protein level in Ly5.1 HSCs (CD150+CD48� LSK) compared

with Ly5.2 counterparts (Figures 4A and 4B). This differ-

ence was specific to HSCs and not detected within the

bulk of lineage-negative (Lin�) cells in agreement with

our gene expression results showing differential expression

mainly within the HSC compartment. CXCR4 has been

shown to regulate the maintenance of the quiescent HSC

pool and its loss is associated with increased cycling of

HSCs (Nie et al., 2008; Sugiyama et al., 2006). Accordingly,

cell-cycle analysis of Ly5.1 and Ly5.2 HSCs revealed that a

significantly higher proportion of Ly5.1 HSCs resided in

the G0 phase, consistent with their higher CXCR4 expres-

sion, while the G1 phase had a higher proportion of Ly5.2

HSCs (Figure 4C).

Next, we asked if the level of CXCR4 expression in HSC

affects their homing ability to the BM and whether this

could explain the higher engraftment potential of Ly5.1

HSCs in the post-induction model. We assessed homing

of Ly5.1 and Ly5.2 HSPCs in a competitive manner by la-

beling LSK cells from Ly5.1 and Ly5.2 mice with either

the fluorescent dyes 5- (and -6-) carboxyfluorescein diace-

tate succinimidyl ester (CFSE) or seminaphtorhodafluor-1

carboxylic acid acetate succinimidyl ester (SNARF-1) (Fig-

ure S4B), followed by competitive transplantation into

Ly5.1/5.2 F1 recipients without irradiation (Figure 4D).

Twelve hours after the transplantation, we observed a

significantly higher recovery of Ly5.1 cells in the BM of

the recipients (Figures 4E and S4C). No difference was de-

tected when lineage-negative cells were analyzed in the

same manner, consistent with the CXCR4 expression
ases in HSCs from Ly5.1 and Ly5.2 mice. Data are pooled from three

ted into the recipients without irradiation. After 12–14 h, the cells

nor-derived CFSE- and SNARF-1-positive cells homed to the BM after
al replicates.

https://gexc.riken.jp/
http://servers.binf.ku.dk/bloodspot/


data, where the difference in expression was specific to

HSCs and not seen in the bulk population. These findings

show superior homing ability of Ly5.1 HSPCs, which corre-

lates with a higher expression of CXCR4. Taken together,

our results suggest that the superior engraftment potential

of Ly5.1 HSCs seen in ourGata2model can be explained, at

least in part, by their higher CXCR4 expression, whichmay

provide an advantage during the early engraftment pro-

cess. Moreover, the findings suggest that homing and early

engraftment are less dependent on CXCR4 in the lethally

irradiated setting. Our temporally controlled model of

HSC depletion provides a highly sensitive approach to

assess regulators of homing and early localization in func-

tionally defined HSCs.
DISCUSSION

Transplantation into irradiated animals has been exten-

sively used as a gold standard method to assess the func-

tionality of HSCs in vivo, allowing assessment ofmulti-line-

age reconstitution and self-renewal. In such models,

transplanted HSCs can engraft efficiently and are forced

to actively contribute the hematopoiesis to replenish the

hematopoietic system disrupted by irradiation. However,

irradiation severely damages cellular components of the

microenvironment (Cao et al., 2011; Domen et al., 1998;

Dominici et al., 2009), and thus transplantation in this

setting limits assessment of the interaction between trans-

planted HSCs and the microenvironment. The temporally

controlled and selective HSC depletion model presented

in this study is a versatile tool for studies of HSC engraft-

ment kinetics in a preserved microenvironment. Our find-

ings further highlight the complexity of the engraftment

process and the importance of recipient context when as-

sessing HSC function using transplantation.

Successful engraftment of intravenously transplanted

HSCs in the BM requires several steps. Homing is the first

step whereby transplanted HSCs are chemoattracted to

the BM, interact with the BM vasculature, and migrate

into the extravascular space. Subsequently they localize

to specific niches and can then either enter a dormant state

or be recruited into active hematopoiesis (Heazlewood

et al., 2014). Studies in KO mice have shown CXCR4

expression of HSCs and CXCL12 expression in the BM to

be critical in the homing process through a chemoattrac-

tion mechanism (Foudi et al., 2006). Recent studies have

further demonstrated mechanistic insights on the role of

CXCR4 in the homing of HSPCs in irradiated recipients,

and that modulation of the interaction between CXCR4

and its ligand CXCL12 is a useful approach to facilitate

homing (Capitano et al., 2015; Guo et al., 2017; Huang

et al., 2018). Our findings from co-transplanting Ly5.1
and Ly5.2 cells, indicate that even minor differences in

CXCR4 expression affect the homing ability in non-condi-

tioned hosts. The competition for the limited available

niche space in an unperturbed environment may be more

dependent onCXCR4 expression, and possibly other adhe-

sion and migration mechanisms, compared with an irradi-

ated or HSC-depleted microenvironment. As such, engraft-

ment studies in irradiated animals may not reflect the

normal physiology of homing and localization of HSCs

in an optimal way. Homing assays using bona fide HSCs

have typically been challenging to perform as it is difficult

to recover sufficient numbers of cells for meaningful mea-

surements and due to the dependence of these assays on

a phenotypic definition of HSCs. The ability of our model

to first allow transplanted HSCs to localize within the BM

and subsequently recruit them into active hematopoiesis

by depleting residentHSCs provides a highly sensitivemea-

sure of homing/localization coupled with a functional HSC

definition as a final readout.

It is striking that the Ly5.1 and Ly5.2 congenic strains

that differ only in a limited genetic interval (300 genes)

show two distinct differences in HSC function. One being

the previously demonstrated competitive advantage of

Ly5.2 HSCs in standard long-term reconstitution assays

(Mercier et al., 2016; Waterstrat et al., 2010), and the other

the relative homing advantage of the Ly5.1 counterparts, as

demonstrated in this study. Our findings indicate that at

least the latter effect is functionally associated with higher

CXCR4 expression seen in Ly5.1 HSCs, and has a dramatic

impact on long-term engraftment in our post-induction

model. The initially non-pertubed microenvironment in

this model allows overall lower levels of engraftment, but

is highly sensitized to detect differences in homing and

early localization. By contrast, our findings indicate that

such differences are largely masked in irradiated recipients

and that the proliferative capacity of HSCs is a stronger

determinant of long-term reconstitution in that context.

Whether the competitive advantage of the Ly5.2 HSCs in

the irradiated setting also relates to CXCR4 expression or

another gene within the congenic interval remains to be

investigated. Yet, loss of CXCR4 expression has been asso-

ciated with increased proliferation of HSCs that does not

compromise their long-term maintenance (Nie et al.,

2008). It is thus possible that the relatively lower CXCR4

expression of Ly5.2 HSCs contributes to a more active

cell-cycle status and thereby promotes their contribution

to hematopoiesis in the long term.

A general notion in the field is that HSCniches have to be

emptied of resident stem cells to allow efficient engraft-

ment of transplanted cells. Although our findings are

generally compatible with this notion, it may be overly

simplistic. We show here that the inability to detect robust

engraftment levels using non-conditioned recipients, is at
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least to some degree due to an overwhelming competitive

load from the host compartment. Indeed, when this load

is reduced upon Gata2 deletion 4 weeks after transplanta-

tion, it is clear that previously non-detectable donor

HSCs are recruited and significantly contribute to hemato-

poiesis. There is thus substantial engraftment of donor

HSCs in the absence of any conditioning and niche clear-

ance. This is supported by studies showing that extremely

large doses of donor HSCs can compensate for the relative

inability to engraft in non-conditioned hosts and that

direct competition from host HSCs is a key limiting factor

for engraftment (Colvin et al., 2004; Shimoto et al., 2017;

Westerhuis et al., 2011). Yet, the fact that we observed over-

all lower engraftment levels in the post-induction setting

suggests that niche availability at the time of transplanta-

tion is still a strong determinant of engraftment efficiency.

We have shown that distinct functional properties of

transplanted HSCs involving either homing/localization or

proliferation are differentially challenged depending on

the conditioning regimen. Our findings illustrate how

even discrete genetic differences, as seen between the con-

genic strains Ly5.1 and Ly5.2, can result in fundamentally

different outcomes. Importantly, as most of the genetic de-

terminants of HSC function described to date have been

characterized using transplantation assays in irradiated re-

cipients, it is very likely that key features have been missed,

particularly those involving homing/localization. Our

model provides a useful approach to dissect these different

functions, through adjustable timing of endogenous HSC

depletion with minimal impact on the microenvironment.

Although an inducible KO is a somewhat artificial system

that does not reflect normal physiological hematopoiesis,

and may not mirror the human setting, there are several

unique aspects of our model that we believe will be useful

to other scientists in the field. Particularly the post-induc-

tion setting that allows the assessment of donor engraft-

ment in a completely intact environment is a specific advan-

tage of ourmodel that cannot be achieved by other reported

strategies to facilitate donor engraftmentwithout irradiation

through HSPC-specific depletion. Niche interactions and

mechanisms of HSC competition for niche space may differ

fundamentally depending on niche availability and the de-

gree of niche perturbation. In this context, it may be of

particular interest to study malignant hematopoiesis in our

model to assess the dynamics and interactions of malignant

cells with the BMmicroenvironment, and their competition

with healthy hematopoiesis (Akinduro et al., 2018). Yet, it

should be acknowledged that one limitation of our model

is that it requires access to the conditional KO strain and

therefore takes longer to establish and is less available than

regular WT recipient mice.

Taken together, we conclude that our model provides

better possibilities to carefully assess the interaction be-
1714 Stem Cell Reports j Vol. 16 j 1705–1717 j July 13, 2021
tween transplanted HSCs and the microenvironment in

relation to engraftment kinetics and transplantation

outcome, which will have implications for both basic

HSC research as well as clinical transplantation. Clinically

there is increasing interest in non-genotoxic conditioning,

especially for currently emerging gene therapy applica-

tions. Better understanding of the determinants of the

engraftment process in this setting should inform the opti-

mization of donor cell numbers and conditions required

for successful cell therapy procedures without genotoxic

conditioning.
EXPERIMENTAL PROCEDURES

Mice
All animals were maintained in the animal facility at the biomed-

ical center, Lund University, and kept in ventilated racks and given

autoclaved food and water. All experiments were approved by the

Lund University Animal Ethical Committee. Genetically engi-

neered mice bearing conditional alleles of Gata2 (Gata2fl/fl mice)

were obtained from Dr. M. Salminen (University of Helsinki,

Finland) (Haugas et al., 2010). The mice were backcrossed at least

four generations on a C57BL/6 background and bred with Mx1-

Cre+ and Rosa26Cre-ERT2/+ transgenic mice to generate an induc-

ible KO mouse model. Mx1-Cre+ Gata2fl/fl and ER-Cre+ Gata2fl/fl

mice were crossed with B6SJL strain to create an inducible KO

model on Ly5.1/5.2 F1 background. Gata2 conditional gene dele-

tion in the Mx1-Cre model was achieved by administration of

four to seven intraperitoneal injections of poly(IC) every other

day (400 mg per dose; Sigma P1530). For the ER-Cre model, mice

were treated with 5 consecutive days of tamoxifen (1 mg per

dose; Sigma T5648) reconstituted in peanut oil. Cre-mediated

Gata2 deletion was verified by PCR with primers Gata2-Fwd

(50-CAGGCCTTTACCTGTTCCAG-30), Gata2-Rev (50-GGACCGA

AACCCCTAAAGAA-30), and Gata2-KO2-Rev (50-AGCGAGGGCT

TAGTAGCTCA-30) using the following parameters: 95�C for

5 min, followed by 36 cycles of 95�C for 45 s, 60�C for 45 s, 72�C
for 2 min, and then 72�C for 10 min. For Ly5.1/5.2 competitive

transplantation, Ly5.1 (B6.SJL) and F1 (Ly5.1/5.2; C57BL/6xB6SJL)

mice were obtained from in-house breeding at Lund University.

Ly5.2 (C57BL/6N) mice were obtained from Janvier.
Cell preparation
PB was collected from the tail vein and kept in Microvette tubes

(Sarstedt) for further analysis. Blood parameters were analyzed

on Sysmex XE-5000 (Sysmex Europe). For the donor contribution

analysis, red blood cells were lysed with ammonium chloride

(NH4Cl; STEMCELL Technologies) and stained with antibodies.

BM cells were isolated by crushing tibias, femurs, and iliac bones

in a mortar with pestle. For LSK (Lineage� SCA-1+ c-KIT+) sorting,

BM cells from spine and sternum were also collected. Single-cell

suspensions were prepared by filtering through a 40 mm nylon

cell strainer (Fisher Scientific). Lin� cells were obtained using a

lineage cell depletion kit (Miltenyi Biotec) according to the manu-

facturer’s instructions.



Flow cytometry and cell sorting
c-KIT-positive cells were enriched using a magnetic separation sys-

tem (MACS) with anti-c-KITmagnetic beads (Miltenyi Biotec). The

enriched cells were stained with c-KIT-APC (2B8, BioLegend), SCA-

1-PE (E13–161.7, BioLegend), and lineage antibody cocktail (CD3,

B220, CD11b, Gr-1, and Ter119; all from BD) conjugated with PE-

Cy5. Dead cells were excluded using 7-amino-actinomycin-D

staining. For the analysis of CXCR4 protein expression, c-KIT-en-

riched BM cells were stained with CXCR4-PE (2B11, eBioscience)

or Isotype Control (eB149/10H5, eBioscience) together with

CD48-FITC (HM48-1, BioLegend), CD150-PE-Cy7 (TC15-

12F12.2, BioLegend), c-KIT-APC-eFluor780 (2B8, Fisher Scientific),

SCA-1-Brilliant Violet 421 (D7, BioLegend), and lineage antibody

cocktail conjugated with PE-Cy5. CD150+CD48� within LSK cells

were defined as HSCs (Kiel et al., 2005). Cells were sorted on

FACSAria III or FACSAria IIu and analyzed on FACS Fortessa, LSRII,

or FACSCanto II (BD). Collected data were analyzed with FlowJo

software (Tree Star).
Transplantation assay
For competitive transplantation of Gata2 model as donor, 1 3

106 unfractionated BM cells from Mx1-Cre+ Gata2fl/fl or control

(Mx1-Cre� Gata2fl/fl or Mx1-Cre� Gata2fl/+) mice (Ly5.2) that

received 7 injections of poly(IC) were harvested at 1 day after

the last injection and transplanted into lethally irradiated

(900 cGy) recipients (Ly5.1/5.2 F1) along with 1 3 106 unfrac-

tionated BM cells from WT mice (Ly5.1). For the transplanta-

tion into Gata2 model as recipients at pre-induction setting,

Mx1-Cre+ Gata2fl/fl and control (Mx1-Cre� Gata2fl/fl or Mx1-

Cre� Gata2fl/+) mice received 6 injections of poly(IC) and

1 day after the last injection, 4 3 106 unfractionated BM from

WT mice (F1) were transplanted. Same cells were transplanted

into lethally irradiated control recipients. For post-induction

setting, 70,000 LSK cells were transplanted into Mx1-Cre+ Ga-

ta2fl/fl mice without any treatment and 4 weeks after the trans-

plantation, half of them were treated with seven injections of

poly(IC). For Ly5.1/5.2 competitive transplantation, equal

numbers of unfractionated BM cells from Ly5.1 and Ly5.2

were pooled and co-transplanted into the recipients intrave-

nously through the tail vein. For irradiated setting, lethally irra-

diated control (Mx1-Cre� Gata2fl/fl) mice were used as recipi-

ents. For pre-induction setting, Mx1-Cre+ Gata2fl/fl mice were

received four injections of poly(IC) before the transplantation.

At 2 days after the last injection, 1 3 106 unfractionated BM

cells from each strain were co-transplanted into the recipients

along with 2 3 105 unfractionated BM (F1) as support. For

post-induction setting, 10 3 106 unfractionated BM cells from

each strain were co-transplanted into the recipients without

any conditioning and seven injections of poly(IC) were admin-

istered at 4 weeks after the transplantation. PB from tail veins

was collected and stained with anti-CD45.1 (A20, BioLegend),

anti-CD45.2 (104, BioLegend), anti-CD4 (GkK1.5, BioLegend),

anti-CD8a (53–6.7, BioLegend), anti-Gr-1 (RB6-8C5, Bio-

Legend), anti-Cd11b (M1/70, BioLegend), and anti-B220 (RA3-

6B2, BioLegend) antibodies to monitor the donor contribution.

Sixteen to 24 weeks after the transplantation, recipients were

sacrificed and donor engraftment in the BM was analyzed.
Gene expression analysis
Total RNA was isolated from FACS sorted LSK cells (RNeasy Micro

Kit, no. 74004, QIAGEN) and reverse transcribed (SuperScript III

First Strand Synthesis Kit, no. 18080-085, Invitrogen) in the pres-

ence of random hexamers. Real-time qPCR were performed using

TaqMan Gene Expression Master Mix (Fisher Scientific, no.

4369016) and gene-specific probes (Cdh19: Mm01285258_m1,

CD62l: Mm00441291_m1, Cxcr4: Mm01292123_m1, Hprt:

Mm03024075_m1, Nav1: Mm00557902_m1) on a 7900HT Fast

Real-Time PCR system (Applied Biosystems). Gene expression

levels were normalized to the house keeping gene Hprt.
Cell-cycle analysis
Freshly isolated c-KIT-enriched BM cells stained with HSCmarkers

were fixed and permeabilized using a BDCytofix/Cytoperm Fixa-

tion /Permeabilization Kit (BD), and stained with anti-Ki67 anti-

body and DAPI. Cell-cycle status was then determined based on

the Ki67 expression and DNA content on FACS LSRII.
Homing assay
Cells were stained with CFSE (C34570; Invitrogen) or SNARF-1 (S-

22801; Invitrogen) at a final concentration of 5 mM as described

previously (Grassinger and Nilsson, 2011). In brief, samples were

stained in phosphate-buffered saline (PBS) supplemented with

0.5% FBS at 37�C. After 20 min, staining was quenched with ice-

cold PBS supplemented with 20% FBS, the cells were washed twice

with PBS containing 2% FBS. Equal numbers of cells were mixed

based on the counting after the staining. Approximately 80,000

of LSK or 1.3 3 106 of Lin� cells from each strain were co-trans-

planted into the recipients (Ly5.1/5.2 F1) without irradiation.

Homing to the BM was measured by the presence of CFSE+ and

SNARF-1+ cells after 12–14 h. DAPI was used to exclude the dead

cells. Approximately 10 3 106 of total events were collected by

FACS to ensure 50 to 100 positive events. To minimize the size of

each sample files, unstained and autofluorescent cell fraction

were excluded as an inverted gate.
Statistical analysis
The results are expressed as the mean ± standard deviation for n

given samples (representing independent biological repeats). Sta-

tistical significance was determined using two-tailed unpaired Stu-

dent’s t test or Mann-Whitney test (*p < 0.05, **p < 0.01, ***p <

0.001, ****p < 0.0001; ns, not significant). For Kaplan-Meier curve,

Mantel-Cox test was used. All statistical analyses were performed

on Prism 9 (GraphPad).
Data and code availability
All relevant data are available from the corresponding author upon

reasonable request.
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