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The Aryl Hydrocarbon Receptor Modulates Murine
Hematopoietic Stem Cell Homeostasis and Influences

Lineage-Biased Stem and Progenitor Cells

Keegan L. Vaughan,i Anthony M. Franchini, Harrison G. Kern, and B. Paige Lawrence

The core function of hematopoietic stem and progenitor cells (HSPCs) is to provide lifelong production of all
lineages of the blood and immune cells. The mechanisms that modulate HSPC homeostasis and lineage biasing
are not fully understood. Growing evidence implicates the aryl hydrocarbon receptor (AHR), an environment-
sensing transcription factor, as a regulator of hematopoiesis. AHR ligands modulate the frequency of mature
hematopoietic cells in the bone marrow and periphery, while HSPCs from mice lacking AHR (AHR KO) have
increased proliferation. Yet, whether AHR modulates HSPC lineage potential and directs differentiation toward
specific lineage-biased progenitors is not well understood. This study revealed that AHR KO mice have an
increased proportion of myeloid-biased HSCs and myeloid-biased multipotent progenitor (MPP3) cells. Uti-
lizing inducible AHR knockout mice (iAHR KO), it was discovered that acute deletion of AHR doubled the
number of MPP3 cells and altered the composition of downstream lineage-committed progenitors, such as
increased frequency of pregranulocyte/premonocyte committed progenitors. Furthermore, in vivo antagonism
of the AHR led to a 2.5-fold increase in the number of MPP3 cells and promoted myeloid-biased differentiation.
Using hematopoietic-specific conditional AHR knockout mice (AHRVav1) revealed that increased frequency of
myeloid-biased HSCs and myeloid-biased progenitors is driven by AHR signaling that is intrinsic to the
hematopoietic compartment. These findings demonstrate that the AHR plays a pivotal role in regulating steady-
state hematopoiesis, influencing HSPC homeostasis and lineage potential. In addition, the data presented
provide potential insight into how deliberate modulation of AHR signaling could help with the treatment of a
broad range of diseases that require the hematopoietic compartment.
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Introduction

Hematopoiesis is the tightly regulated process by which
cells of the blood, including circulating immune cells,

arise from hematopoietic stem and progenitor cells (HSPCs).
Maintaining HSPCs is essential for continuously producing
and replenishing blood and immune cells over the entire
lifespan. HSPCs consist of hematopoietic stem cells (HSCs)
and multipotent progenitor (MPP) cells. HSCs are rare
multipotent cells that self-renew and also generate an entirely
new hematopoietic system [1]. HSCs are generally main-
tained in a quiescent state, but quickly proliferate and dif-
ferentiate into MPP cells in response to signals from the
environment [2,3]. MPP cells are a heterogenous population.
MPP1 cells can support the generation of all mature lineages
with limited self-renewal capacity, and are only able to
support hematopoiesis for a short period of time [4]. MPP2

cells are biased toward megakaryocyte/erythrocyte progeni-
tor cells, MPP3 cells are myeloid biased, and MPP4 cells are
lymphoid biased [4,5].

The balance between HSCs and MPP subpopulations and
their lineage potential is crucial in maintaining proper quan-
tities of different types of blood cells. Disruption in the po-
tential of HSPCs to give rise to a particular lineage can result
in commitment of progenitors to alternative lineages, which
can contribute to diseases such as acute myeloid leukemia
and acute myelodysplastic syndrome [6,7]. Understanding
factors that regulate HSPC lineage specification provides
insight into blood-based diseases as well as ways to generate
progenitor cells to treat hematopoietic diseases and disorders.

HSPCs are regulated by a complex network of soluble
mediators that influence the expression and function of
transcription factors [8]. While numerous transcription fac-
tors have been discovered to regulate hematopoiesis, the
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specific roles of many transcription factors in modulating
HSPCs are not fully understood. Recent studies implicate
the aryl hydrocarbon receptor (AHR) as an important reg-
ulator of hematopoiesis, but the precise nature of the AHR’s
role in modulating HSPCs is unclear.

The AHR is a ligand-regulated environment-sensing tran-
scription factor that binds a wide variety of synthetic and
naturally derived small molecules [9,10]. Evidence that the
AHR is an important regulator of hematopoiesis includes that
AHR-binding small molecules significantly affect the hema-
topoietic compartment [11–13]. For example, exposure to ex-
ogenous chemicals that activate the AHR, such as dioxins and
polychlorinated biphenyls, correlates with increased incidence
of hematopoietic cancers in several human population-based
studies [14–16], and AHR antagonism increased proliferation
of human HSCs in vitro [17]. In addition, numerous reports
using animal models demonstrate that treatment with AHR
ligands influences hematopoietic cells in the bone marrow and
periphery, although the direction and nature of changes ob-
served depend on experimental context [18–20]. Moreover,
mice that lack the AHR (AHR KO mice) exhibit abnormal
frequencies of HSPCs [21–23]. Taken together, these studies
highlight that AHR signaling has an important role in regula-
tion of the hematopoietic compartment.

Despite evidence that treatment with AHR ligands influ-
ences aspects of hematopoiesis, the endogenous function of
the AHR in regulation of HSPC homeostasis is less clear.
Prior studies suggest that the AHR regulates hematopoiesis
by directing differentiation toward specific lineage-
committed progenitor cells [13,24]. Yet, it is unclear whe-
ther AHR signaling modulates hematopoietic differentiation
even earlier by directing HSCs toward distinct lineage-
biased MPP subsets. To address this, we used different
transgenic AHR KO mouse models and an AHR antagonist
to determine whether absence or attenuation of AHR sig-
naling altered homeostatic regulation of HSPC lineage
specification. These studies show that even in the absence of
exogenous stressors, AHR signaling modulates homeostatic
HSPC differentiation. Altered lineage potential of HSPCs is
associated with not only aging but also an increased inci-
dence of disease such as autoimmunity and carcinogenesis.
Understanding not only the environmental signals but also
the molecules that regulate lineage-biasing of HSPCs is an
important area of research that will provide key insight into
new approaches to treat multiple human diseases.

Materials and Methods

Animals and treatments

C57Bl/6 mice (age 5–6 weeks) were purchased from the
Jackson Laboratory (Bar Harbor, ME). Initial breeding
stocks for B6.AhRtm1Bra (AHR KO) and AHRfx/fx mice were
provided by Dr. Christopher Bradfield (University of Wis-
consin), and colonies were continually maintained at the
University of Rochester. Initial breeding stock for B6.Cg-
TgA2Kio/J (Vav1cre) mice and B6.129-Gt(ROSA)26-
Sortm1(cre/ERT2)Tyj/J (CreERT2) mice was obtained from
the Jackson Laboratories. Female AHRfx/fx mice were cros-
sed with male CreERT2 mice to generate Ahrfx/fxCreERT2 mice
(AHRCreERT2). Excision of the Ahr in AHRCreERT2 mice was
induced by treatment with tamoxifen (i.p., 25 mg/kg body
weight; Sigma, St. Louis, MO), administered every 24 h for

3 days. After treatment with tamoxifen, AHRCreERT2 mice
were referred to as inducible AHR KO mice (iAHR KO).
Assessment of bone marrow cells was initiated 14 days after
last administration of tamoxifen. Female AHRfx/fx mice
were crossed with male Vav1cre transgenic mice to create a
colony of Vav1creAhrfx/fx (AHRVav1) mice. The genotype of
all mice was determined using PCR [20,25–28]. A complete
list of all primers used is provided in Supplementary
Table S1. AHR was antagonized by injecting mice (i.p.)
with 100mg of CH223191 (Tocris, United Kingdom) sus-
pended in corn oil. As a control, another group of mice was
administered corn oil (i.p.). All data presented were gener-
ated using female mice, and all experiments were initiated
when mice were between 6 and 8 weeks of age. All mice
were housed in microisolator cages in a specific pathogen-
free facility at the University of Rochester, with a 12-h light/
12-h dark cycle and an ambient temperature between 20�C
and 22�C, and were provided food and water ad libitum.
All animal treatments followed all regulations and guidelines
and were conducted with prior approval of the Institutional
Animal Care and Use Committee of the University of
Rochester.

Isolation of hematopoietic cells

Briefly, bones were crushed with mortar and pestle to
release bone marrow cells, which were suspended in Is-
cove’s modified Dulbecco’s medium (IMDM) (12440053;
Gibco) supplemented with 2.5% fetal bovine serum
(1677714; HyClone). The cells were then passed through a
40mm nylon filter to remove stromal aggregates and debris
[25]. Erythrocytes were removed by hypotonic lysis, and the
number of bone marrow cells was determined using a TC10
Cell Counter (Nexelcom Bioscience) with cell viability as-
sessed using trypan blue exclusion.

Flow cytometry

Mature hematopoietic cells were excluded using a cock-
tail containing monoclonal antibodies directed at the fol-
lowing cell lineage markers: CD3 (Pac Blue; Clone: 17A2),
CD45R (Pac Blue; Clone: RA3-6B2), CD11b (Pac Blue;
Clone: M1/70), TER-119 (Pac Blue; Clone: TER-119), and
Ly-6G/C (Pac Blue; Clone: RB6-8C5). To identify HSCs,
MPPs, and common lymphoid progenitors (CLPs), bone
marrow cells were preincubated with rat Ig and anti-mouse
CD16/32 (clone 93) before incubation with previously de-
termined optimal concentrations of the following
fluorochrome-conjugated monoclonal antibodies: lineage
cocktail, Sca1 (PE-CF594; Clone: D7), cKit (BV650; Clone:
2B8), CD34 (FITC; Clone: RAM34), CD135 (PE; Clone:
A2F10.1), CD48 (APC-cy7; Clone: HM48-1), CD150 (PE-
cy7; Clone: TC15-12F112.2), and CD127 (APC; Clone:
A7R34). For identification of lineage-committed progeni-
tors, bone marrow cells were preincubated with rat Ig before
incubation with the following fluorochrome-conjugated
monoclonal antibodies: lineage cocktail, Sca1 (AF647;
Clone: D7), cKit (BV650; Clone: 2B8), CD41 (FITC;
Clone: MWReg30), CD16/32 (APC-cy7; Clone: 93), CD150
(PE-cy7; Clone: TC15-12F112.2), and CD105 (PE; Clone:
MJ7/18). All antibodies were purchased from either BD
(San Jose, CA) or BioLegend (San Diego, CA), and were
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titrated before using in experiments. Cell viability was
>95%. Fluorescence minus one control was used to assess
nonspecific fluorescence and define all gating parameters.
Two to three million bone marrow cells were stained, and 1
million events were collected using an LSRII flow cyt-
ometer (BD Biosciences, San Jose, CA). Data were analyzed
using the FlowJo software program (TreeStar, Ashland,
OR). The specific combinations of molecular markers used
to identify different HSPC and lineage-committed progeni-
tor cell populations are detailed in Figs. 1A and 4A. The
gating strategies used are outlined in Figs. 1B and 4B.

Hematopoietic colony-forming unit assays

Colony-forming unit-erythroid (CFU-E), CFU-granulocyte
macrophage (CFU-GM), and CFU-pre-B lymphocyte (CFU-
Pre-B) assays were performed using Methocult media,
following the manufacturer’s instructions (https://www.
stemcell.com/mouse-colony-forming-unit-cfu-assays-using-
methocult.html; Stem Cell Technologies, Vancouver, Canada).
Specifically, M3434 Methocult medium was used to enumerate
CFU-GMs, CFU-Es were quantified using M3334 Methocult
medium, and CFU-pre-B cells were measured using M3630
Methocult medium. Briefly, bone marrow cells from individual
mice were resuspended in IMDM at 2 · 105 cells/mL for CFU-
GM assays, and 1 · 106 cells/mL for CFU-E and CFU-preB
assays. For all CFU assays, 300mL of inoculated IMDM was
added to 3 mL of Methocult medium. Cells were dispensed into
six-well plates and incubated at 37�C in 5% CO2. The number
of CFU-E was determined after 2 days of culture, and the
number of CFU-GM and CFU-preB cells was determined after
7–12 days in culture. The plates were scored for CFU colonies
using an inverted microscope [29].

Statistical analysis

All statistical analyses were performed using JMP soft-
ware (Version 14; SAS, Cary, NC). A two-way ANOVA,
followed by a Tukey’s honest significant difference post hoc
test, was used to compare differences between multiple inde-
pendent variables (eg, multiple genotypes and different treat-
ment groups). Differences between the mean values of two
groups at a single point in time were assessed utilizing a two-
tailed Student’s t test. Differences in mean values were con-
sidered statistically significant when P values were £0.05.
Error bars on all graphs indicate the standard error of the mean.

Results

AHR KO mice have increased proportions
of myeloid-biased HSCs and MPPs

To delineate how absence of the AHR affects the com-
position of HSPCs, which include HSCs and phenotypically
distinct MPP subpopulations, bone marrow cells from AHR
KO and wild-type (WT) mice were analyzed using flow
cytometry. Figure 1A illustrates the specific cell surface
markers, and Fig. 1B depicts the overall gating strategy used
to identify HSCs and MPP1, MPP2, MPP3, and MPP4 cells
[4]. Bone marrow cells from AHR KO mice had 35%
greater percentage (Fig. 1C) and twice the number of HSCs
(Fig. 1H) compared to WT mice. There were no statistically
significant differences in the percent (Fig. 1D) or number
(Fig. 1I) of MPP1s in AHR KO mice compared to WT mice.

However, comparison of lineage-biased MPP cells from
AHR KO and WT mice revealed a statistically significant
increase in the percent (Fig. 1F) and number (Fig. 1K) of
myeloid-biased MPP3 cells. In contrast, neither the per-
centage nor number of MPP2 (Fig. 1E, J) and MPP4 cells
(Fig. 1G, L) were different in WT and AHR KO mice.

HSCs are not a homogeneous population and can be
further subdivided, with HSCs that express lower levels of
CD150 tending to be more lymphoid biased, whereas those
that express higher levels of CD150 being myeloid biased
[30]. Since there was an observed increase in the number of
HSCs in AHR KO mice, we set out to determine if this was
due to altered proportions of lineage-biased HSCs, by ana-
lyzing the ratio of HSCs that were CD150hi (myeloid-biased
HSC) or CD150lo (lymphoid-biased HSC). The percentage
of bone marrow cells that were HSCs was higher in AHR
KO mice compared to WT mice (Fig. 2A). However, within
this population of cells, the percent of lymphoid-biased
HSCs was lower, and percent of myeloid-biased HSCs was
higher in AHR KO mice (Fig. 2B). In addition, there was a
2.5-fold increase in the number of myeloid-biased HSCs in
AHR KO mice compared to WT mice (Fig. 2C). These
findings suggest that AHR may influence lineage commit-
ment events very early on during hematopoiesis, as AHR
KO mice exhibited increased proportions of myeloid-biased
HSCs and MPP3 cells.

Acute attenuation of AHR altered MPP
homeostasis and elevated the number
of myeloid-biased MPP3 cells

A limitation of studies using global AHR KO mice is that
they do not express AHR at any point in time during their
lifespan. Therefore, the increased proportion of HSCs and
myeloid-biased MPP3s observed in AHR KO mice may be
caused by the chronic lack of AHR. To address this, we
utilized inducible AHR KO mice (AHR iKO). Tamoxifen
treatment induced excision of the Ahr (Fig. 3A). There was
no difference in the number of HSCs in AHR iKO mice
compared to tamoxifen-treated AHRfx/fx mice (Fig. 3B).
There was also no difference in the number of MPP1 cells in
AHR iKO mice compared to tamoxifen-treated AHRfx/fx

mice (Fig. 3C). However, there was a 2.5-fold increase in
the number of MPP2 (Fig. 3D) and MPP3 (Fig. 3E) cells in
AHR iKO mice (Fig. 3E). In contrast to MPP2 and MPP3
cells, there was no significant difference in the number of
MPP4 cells (Fig. 3F).

To further test the idea that attenuating AHR induces acute
changes to the proportion of HSPC subpopulations, we used
the pharmacological AHR antagonist CH223191 [31].
CH223191 treatment significantly increased the number of
MPP1 (Fig. 4B) and MPP3 cells (Fig. 4D), but did not alter the
number of HSCs (Fig. 4A), MPP2s (Fig. 4C), or MPP4 cells
(Fig. 4E). When integrated with findings from AHR iKO mice,
these results indicate that increased proportion of MPP3 cells
is an acute response to the loss of AHR, whereas increased
HSC frequency appears to require chronic lack of AHR.

Acute attenuation of AHR altered the composition
of lineage-committed hematopoietic progenitors

Given that acute deletion of AHR increased the frequency
of myeloid-biased MPP3s, we next determined whether this
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altered the composition of downstream hematopoietic
lineage-committed progenitors in the bone marrow.
Figure 5A depicts the cell surface markers used to define
lineage-committed progenitors [4], and Fig. 5B outlines the
gating scheme used. AHR iKO mice had an increased per-
centage of pregranulocyte/premonocyte precursors (preGM)
(Fig. 5C), with no alteration to the frequency of granulocyte/
monocyte precursors (GMP) (Fig. 5D) compared to
tamoxifen-treated AHRfx/fx mice. There was a twofold de-
crease in the percentage of CLPs in AHR iKO mice compared
to tamoxifen-treated AHRfx/fx mice (Fig. 5E). There was a
29% decrease in the percentage of erythroid-committed pre-
cursor (EP) cells in AHR iKO mice compared to tamoxifen-
treated AHRfx/fx mice (Fig. 5F). In addition, iAHR KO mice
had an increased frequency of megakaryocyte-committed
progenitors (MkP) compared to tamoxifen-treated AHRfx/fx

mice (Fig. 5G). Consistent with these observations, functional
evaluation of HSPC differentiation, assessed by utilizing CFU

assays, revealed that treatment of mice with CH223191 in-
creased the number of CFU-GM cells (Fig. 5H), and decreased
the number of CFU-preB (Fig. 5I) and CFU-E (Fig. 5J).
Overall, these results indicate that acute attenuation of AHR
not only affects the distribution of lineage-biased MPPs but
also the composition and function of downstream lineage-
committed progenitors.

The AHR-meditated increase in myeloid lineage
specification is driven by factors intrinsic
to the hematopoietic compartment

The AHR is expressed in both hematopoietic and non-
hematopoietic cells [32,33]. To determine if intrinsic AHR
signaling within the hematopoietic compartment drives al-
teration in the proportion of HSCs and lineage-biased MPPs,
we utilized conditional AHR knockout mice (AHRVav1

mice) [20,25]. AHRVav1 mice had double the number of

FIG. 1. AHR KO mice have increased proportions of HSCs and myeloid-biased MPP3 cells. Bone marrow cells were
isolated from female C57Bl/6 (WT) and global AHR knockout (KO) mice (8–12 weeks of age; 4–5 mice per group). (A)
Graphic depicts the specific combinations of cell surface markers that were used to define the indicated subsets of HSPCs.
Lineage-negative (Lin-) cells were defined as cells that do not express CD3, CD11b, CD45R, TER-119, or Ly-6G/C. (B)
Gating strategy used to identify HSCs and MPP subsets. (C–G) Mean percentage of LSK (Lin- Sca1+ cKit+) cells that were
(C) HSCs, (D) MPP1, (E) MPP2, (F) MPP3, and (G) MPP4 cells from the bone marrow of WT and AHR KO mice. (H–L)
Number of (H) HSC (I) MPP1, (J) MPP2, (K) MPP3, and (L) MPP4 cells in the bone marrow of WT and AHR KO mice.
Error bars represent SEM. Asterisks denote P < 0.05 (Student’s t-test). AHR, aryl hydrocarbon receptor; HSPCs, hemato-
poietic stem and progenitor cells; MPP, multipotent progenitors; SEM, standard error of the mean; WT, wild type.

AHR MODULATES HSPC HOMEOSTASIS AND LINEAGE BIASING 973



HSCs (Fig. 6A) and a 2.5-fold increase in the number of
myeloid-biased HSCs (Fig. 6B) compared to AHRfx/fx mice.
In addition, AHRVav1 mice exhibited differences in the
proportions of MPP subpopulations (Fig. 6C–F) that were
similar to those observed in AHR KO (Fig. 3C–F); partic-
ularly, there was a statistically significant increase in the
number of MPP3 cells (Fig. 6E). These results indicate that the
lack of AHR in the hematopoietic compartment is sufficient to
the drive alterations in HSCs and lineage-biased MPPs.

Given that hematopoietic-intrinsic AHR deletion in-
creased the proportion of myeloid-biased HSCs and MPPs,

we next ascertained if there were alterations to the propor-
tion of downstream, lineage-committed progenitor cells.
Analysis of myeloid lineage-committed progenitors re-
vealed a 10% decrease in preGM precursors (Fig. 7A), and a
5% increase in the frequency of GMPs in AHRVav1 mice
compared to AHRfx/fx mice (Fig. 7B). Deletion of the AHR
from the hematopoietic compartment also increased the
frequency of EP (Fig. 7D). In contrast, there were no sig-
nificant differences in the percentage of CLPs (Fig. 7C) or
MkP (Fig. 7E) in AHRVav1 mice and AHRfx/fx mice. In
addition, compared to AHRfx/fx mice, bone marrow cells
from AHRVav1 mice generated two times more CFU-GMs
(Fig. 7F). There was also a slight, but statistically signifi-
cant, increase in the number of CFU-Es in AHRVav1 mice
compared to AHRfx/fx mice (Fig. 7H). However, there was
no difference in CFU-preB numbers in AHRVav1 mice
compared to AHRfx/fx (Fig. 7G). These data indicate that
AHR regulates myeloid and erythroid lineages intrinsically
in the hematopoietic compartment, but modulation of lym-
phoid and megakaryocyte lineage progenitors is also influ-
enced by AHR signals from nonhematopoietic tissues.

Discussion

Maintaining a pool of HSPCs that resupplies all the cells
of the blood and immune system across the lifespan is
central to continued health. There is growing evidence that
the AHR integrates the responses of the hematopoietic
compartment to environmental cues, thereby influencing
hematopoiesis [34]. This includes compelling evidence that
treatment with AHR ligands modulates aspects of hemato-
poiesis [35–37]. Indeed, it has been shown that AHR ligands
impact differentiation and functions of specific lineages of
hematopoietic cells, particularly in the context of a stressor
[18,34,38,39]. However, the contribution of AHR to main-
taining HSPC homeostasis is less clear. Also uncertain is
whether AHR signaling impinges on the lineage differenti-
ation potential of HSPCs. The findings reported herein
demonstrate that the AHR regulates HSPCs at primitive
stages of lineage commitment. Consistent with prior studies
[21,40], global AHR KO mice exhibited skewing of hema-
topoietic progenitor cells. Utilizing novel inducible AHR
knockout mice, hematopoietic-specific AHR knockout mice,
and a pharmacological AHR antagonist, this study reveals
that acute and intrinsic regulation of AHR signaling in the
hematopoietic compartment modulate myeloid-biased line-
age specification in HSPCs. Overall, these new findings
further highlight AHR as an important regulator in the ho-
meostatic maintenance of HSPCs.

A key finding of this study was that even during steady-
state hematopoiesis, the absence or attenuation of AHR
signaling affected not only lineage-biased progenitor cells
but also lineage-biased HSCs. In particular, global AHR KO
mice and mice in which AHR was conditional ablated from
the hematopoietic system exhibited higher frequencies of
myeloid-biased HSCs and myeloid-biased progenitor cells,
compared to WT mice. This is consistent with previous
research, in which serial transplantation experiments dem-
onstrated that HSCs from AHR KO mice had increased self-
renewal capacity, with enhanced granulocyte and monocyte
production after tertiary transplantation [21,22]. Results
from this work extend this and indicate that AHR may

FIG. 2. AHR KO mice have increased proportions of
myeloid-biased HSCs. C57Bl/6 (WT) and AHR KO mice
(8–12 weeks of age; 4–5 mice per group). (A) Mean per-
centage of LSK cells that were HSCs. (B) Mean percentage
of HSCs that were CD150Low (lymphoid-biased HSC) or
CD150High (myeloid-biased HSC). (C) Number of
lymphoid-biased HSCs or myeloid-biased HSCs in the bone
marrow of AHR KO and WT mice. Error bars represent
SEM. Asterisks denote P < 0.05 (Student’s t-test).
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influence lineage-biased cues in primitive HSCs. Increased
myeloid biasing in hematopoietic stem cells and progenitors
is a hallmark of an aged hematopoietic system [41–43].
Increasing evidence suggests enhanced myeloid biasing is
due, in part, to age-related HSC deterioration [41,44–46].
Also, many of the genes and pathways that are altered in
leukemic transformation of HSCs also play a role in aging
[41]. Leukemic stem cells may have mechanisms that re-
press AHR signaling [47]. Furthermore, absence of the AHR
increased development of myeloproliferative disorders,
which supports that AHR signaling sustains hematopoietic
progenitor cell function [48]. It has also been reported that
the downregulation of AHR drives a myeloproliferative
phenotype in chronic myeloid leukemia [49]. These findings
collectively support that modulation of AHR signaling in
HSPCs may serve a critical role in both aging and disease
progression of the hematopoietic system, in part, by im-
pacting HSPC homeostasis.

Another finding of this work is that in vivo antagonism of
AHR increased proportions of myeloid-biased progenitors.
AHR antagonism has been shown to expand human HSCs in
vitro [17], and recent clinical transplantation trials utilizing
an AHR antagonist to expand human cord blood HSCs
showed significant expansion in the number of HSCs, with
increased engraftment [50]. In addition, patients trans-

planted with human cord blood HSCs expanded utilizing an
AHR antagonist had enhanced recovery of neutrophils
[50,51]. Although these clinical studies of transplantation
did not examine progenitor cells, the greater recovery of
neutrophils aligns with increased myeloid progenitors ob-
served in mice treated with an AHR antagonist and in AHR
KO mice. Furthermore, there are reports of AHR antago-
nism promoting the production of human DCs from ex vivo
cultured human hematopoietic progenitors [52]. Thus,
modulation of AHR has potential clinical relevance not only
for increasing the expansion of HSC expansion to improve
yield for transplantation but also may provide a targetable
molecule for the ex vivo expansion of specific lineage-
committed precursors.

The data presented further support that AHR signaling
both inside and outside of the hematopoietic cells is im-
portant for AHR-mediated regulation of lineage specifica-
tion of HSPCs. Interestingly, the study reveals the important
in vivo interplay of AHR signaling between hematopoietic
and nonhematopoietic cells in the regulation of the early
erythroid-megakaryocyte axis. This finding is consistent
with studies that suggest AHR influences the erythroid-
megakaryocyte axis, although the impact may depend on the
type of ligand [13,53] For instance, in vitro antagonism of
AHR promoted megakaryopoiesis [53], whereas in vitro

FIG. 3. Inducible deletion of AHR increased the proportion of MPP3 cell. Female AHRfx/fx or Ahrfx/fxCreERT2 (AHR
iKO) mice were administered tamoxifen (i.p., 25 mg/kg BW) every 24 h for 3 days (8 weeks of age; 5 mice per group). Bone
marrow cells were isolated 2 weeks after the final dose of tamoxifen. (A) Ahr gene excision in bone marrow cells was
confirmed using PCR followed by agarose gel electrophoresis. The image depicts PCR products: the unexcised Ahr gene
yields a 140 bp PCR product, whereas when excised, the PCR product is 180 bp. (B–F) Isolated bone marrow cells were
labeled as in Fig. 1 and analyzed using flow cytometry. Graphs show the mean number of (B) HSC (C) MPP1, (D) MPP2,
(E) MPP3, and (F) MPP4 cells in the bone marrow of tamoxifen-treated AHRfx/fx and AHR iKO mice. Error bars represent
SEM. Asterisks denote P < 0.05 (Student’s t-test).

FIG. 4. Antagonism of AHR increased the number of MPP1 and MPP3 cells. Female C57BL/6J mice (8 weeks of age; 6
mice per group) were given CH223191 (100mg) or control (corn oil) by i.p. injection 48 h before isolation of bone marrow
cells. Cells were labeled as in Fig. 1 and analyzed by flow cytometry. Graphs show the number of (A) HSC (B) MPP1, (C)
MPP2, (D) MPP3, and (E) MPP4 cells in the bone marrow of mice treated with vehicle or CH223191. Error bars represent
SEM. Asterisks denote P < 0.05 (Student’s t-test).
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AHR activation promoted erythropoiesis in human hema-
topoietic progenitor cells [13]. However, in this in vivo
study, the directionality of changes to the frequency of
erythroid and megakaryocyte progenitors was dependent on
the presence or absence of AHR signaling in non-
hematopoietic cells. These changes further highlight the role
of AHR signaling in the bone marrow microenvironment,

playing a significant role in regulating HSPCs. In the bone
marrow microenvironment, there are multiple complex in-
teractions between HSPCs and other cells types such as
mesenchymal stem cells, endothelial cells, and immune cells
[54]. Lack of AHR has been found to alter the bone marrow
stroma, with increased numbers of mesenchymal stem cells
[22]. The evidence further supports the need to research the

FIG. 5. Inducible deletion of AHR and AHR antagonism altered downstream lineage-committed progenitors. AHRfx/fx or
Ahrfx/fxCreERT2 (AHR iKO) mice (8–12 weeks of age; 4–5 per group) were administered tamoxifen (i.p., 25 mg/kg BW)
every 24 h for 3 days. Bone marrow cells were isolated 2 weeks after the final dose of tamoxifen. (A) The cartoon outlines
the combination of cell surface markers that were used to define indicted lineage-committed progenitors. (B) Gating strategy
used to identify lineage-committed progenitors. (C, D) Graphs present the mean percentage of Lin- Sca1- cKit+ (LK) cells
that were myeloid-committed precursors. (C) preGM cells and (D) GMP cells. (E) The graph shows the mean percentage of
CLPs, presented as percentage of lineage-Sca1lowcKitlow cells. Graphs show mean percentage of LK cells that were (F) EP,
portrayed as the percentage of LK cells that were EPs, and (G) MkP, portrayed as the percentage of LK cells that were
MkPs. (H–J) Female C57BL/6J mice (8 weeks of age; 6 per group) were given CH223191 (100mg) or control (corn oil) by
i.p. injection twice, 2 days apart, and sacrificed 48 h after the final dose. (H) Isolated bone marrow cells from individual
mice (2 · 104 cells/mouse) were cultured in media that drive myeloid differentiation, and the number of CFU-GM was
determined. (I) Bone marrow cells (0.5 · 105) were cultured in media that drive lymphoid differentiation, and the number of
CFU-preB was determined. ( J) Bone marrow cells (1 · 105) were cultured in media that drive erythroid differentiation, and
CFU-E were enumerated. Error bars represent SEM. Asterisks denote P < 0.05 (Student’s t-test). CFU-E, erythroid pro-
genitor colonies; CFU-GM, granulocyte/monocyte progenitor colony-forming units; CFU-preB, pre-B lymphoid progenitor
colonies; CLPs, common lymphoid progenitors; EP, erythroid-committed precursors; GMP, granulocyte/monocyte pre-
cursors; MkP, megakaryocyte-committed progenitors; preGM, pregranulocyte/premonocyte precursors.
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FIG. 6. Conditional deletion of AHR induces expanded numbers of myeloid-biased HSCs and MPP3 cells. Bone marrow
cells were isolated from female AHRfx/fx or AHRVav1 mice (8 weeks of age; 5 per group) and stained for analysis using flow
cytometry. The cell surface markers and gating strategy used were identical to the approach outlined in Fig. 1A and B. (A)
Number of HSCs in AHRfx/fx and AHRVav1 mice. (B) Number of HSCs that were CD150High (Myeloid-biased HSC) or
CD150Low (lymphoid-biased HSC) in AHRfx/fx and AHRVav1 mice. (C–F) Number of (C) MPP1, (D) MPP2, (E) MPP3, and
(F) MPP4 cells in the bone marrow. Error bars represent SEM. Asterisks denote P < 0.05 (Student’s t-test).

FIG. 7. Absence of AHR from the hematopoietic compartment is sufficient to alter the proportion of lineage-committed
progenitors. (A–E) Bone marrow cells were isolated from female AHRfx/fx or AHRVav1 mice (8 weeks of age; 4–5 per
group). Cells were labeled with antibodies against the cell surface markers indicated in Fig. 5A and analyzed using the
gating strategy depicted in Fig. 5B. (A, B) Graphs present the percentage of (A) preGM cells and (B) GMP cells [denoted as
the percentage of Lin-Sca1- cKit+ (LK) cells]. (C) The graph shows the mean percentage of CLPs, depicted as percentage
of lineage-Sca1lowcKitlow cells. (D) Graph shows the frequency of EP (as the percentage of LK cells). (E) Graph shows the
frequency of MkP as a percentage of LK cells. (F–H) Bone marrow cells were isolated from female AHRfx/fx or AHRVav1

mice (8 weeks of age; 3 per group). Bone marrow cells from individual mice were cultured in media that support lineage-
specific differentiation, measured as CFU. (F) Bone marrow cells (2 · 104) were cultured in media that drive myeloid
differentiation, and CFU-GMs were enumerated. (G) Cells (1 · 105) were cultured in media that drive lymphoid differ-
entiation, and the mean number of CFU-preB was determined. (H) Cells (1 · 105 per mouse) were cultured in media that
drive erythroid differentiation, measured as CFU. Graph depicts the mean number of CFU-E. Error bars represent SEM.
Asterisks denote P < 0.05 (Student’s t-test).
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interaction of AHR signaling in both hematopoietic and
nonhematopoietic tissue and how this signaling can impact
the early stages of hematopoietic lineages.

Conclusion

Overall, the research reported herein demonstrates that the
AHR modulates primitive hematopoiesis at steady state, that
is, even in the absence of exogenous stressors to the bone
marrow compartment. Regulating the balance between HSCs
and MPPs, and influencing lineage commitment among
MPPs, are essential to maintaining the optimal number of
blood and immune cells. When this finely tuned system is
imbalanced, diseases and disorders that range from cytopenia
to hematological malignancies can arise [6,7,55]. These new
findings add to the mounting evidence that AHR is an im-
portant governor of this tightly regulated system. More
broadly, this new information supports the idea that the AHR
not only shapes HSPC programming in an enduring manner
but also affects HSPC lineage specification transiently.
Moreover, AHR-regulated mechanisms are likely different
among HSPC subpopulations. Given that multipotent and
lineage-committed progenitors need to be nimble and poised
to respond appropriately to external cues, and the growing
interest in HSPC immune-modulating potential [56], the AHR
is an important regulator of their responses and can potentially
be harnessed in ways that can help reduce or treat a broad
range of communicable and noncommunicable diseases.
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